Plasticity-Induced Fatigue Crack Closure For Structural Steels In Offshore Applications. by YUTHDANAI PETCHDEMANEENGAM
 PLASTICITY-INDUCED FATIGUE CRACK CLOSURE FOR 




YUTHDANAI  PETCHDEMANEENGAM 




A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
2011 
 




The research work reported in this thesis has been carried out at the Department of 
Civil and Environmental Engineering, National University of Singapore. 
 
I wish to express my deepest gratitude to my supervisors Professor Somsak 
Swaddiwudhipong and Assistant Professor Qian Xudong, for their supports and 
guidance through my study in NUS. Thanks are also given to Professor P.W. Marshall, 
Professor Choo Yoo Sang, Dr. Shen Wei, and Dr. Chen Zhuo, for their valuable 
suggestions. My colleagues, Dr. Nguyen Chien Thang, Ms. Zhang Sufen, FYP 
students, and structural & concrete laboratory staffs are admired.  
 
Sincere thanks are further expressed to McDermott International Inc., Nippon Steel 
Corporation, and American Bureau of Shipping (ABS) for their financial supports and 
recommendations through this joint-industrial project.  
 
The research scholarship provided by the National University of Singapore is greatly 
acknowledged. 
 
Lastly, the encouragement from my parents, wife, and teachers are appreciated. 
 
 
   
 ii 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENT........................................................................................ i 
TABLE OF CONTENTS ........................................................................................ ii 
NOMENCLATURE ............................................................................................. viii 
LIST OF FIGURES...............................................................................................xvi 
LIST OF TABLES .............................................................................................xxvii 
SUMMARY .........................................................................................................xxix 
CHAPTER 1: INTRODUCTION ........................................................................... 1 
1.1 OVERVIEW.................................................................................................... 1 
1.2 BACKGROUND............................................................................................. 3 
1.2.1 Fatigue and plasticity-induced fatigue crack closure.................................. 3 
1.2.2 Fatigue strength of tubular joints............................................................... 5 
1.2.3 Finite element analysis of plasticity-induced fatigue crack closure ............ 7 
1.3 OBJECTIVES AND SCOPE OF STUDY........................................................ 8 
1.4 CONTENTS OF THE CURRENT THESIS..................................................... 9 
CHAPTER 2: THEORETICAL CONSIDERATIONS ........................................10 
2.1 FUNDAMENTALS OF FATIGUE ................................................................10 
2.1.1 Fracture mechanics ..................................................................................10 
2.1.1.1 Elastic crack tip stress field ...............................................................12 
2.1.1.2 Estimation of plastic zone..................................................................16 
2.1.1.3 Energy release rate and J-integral......................................................19 
2.1.2 Fatigue mechanism ..................................................................................21 
2.1.2.1 Fatigue crack initiation mechanism ...................................................22 
2.1.2.2 Fatigue crack growth mechanism ......................................................28 
   
 iii 
2.1.2.3 Plasticity-induced fatigue crack closure.............................................30 
2.1.3 Material properties under cyclic loading...................................................32 
2.1.3.1 Cyclic stress-strain behavior..............................................................32 
2.1.3.2 Kinematic hardening model...............................................................35 
2.2 FATIGUE STRENGTH OF WELDED TUBULAR JOINTS..........................40 
2.2.1 Design guidelines for stress concentration factors ....................................42 
2.2.1.1 Efthymiou formulae ..........................................................................42 
2.2.1.2 Chang and Dover formulae................................................................43 
2.2.1.3 Lloyd’s Register formulae .................................................................44 
2.2.2 Stress concentration factors by finite element method ..............................44 
2.2.3 Stress concentration factors by experiment...............................................46 
2.2.4 Crack depth measurement by alternating current potential drop................48 
2.2.5 Estimation of fatigue life ..........................................................................50 
CHAPTER 3: FINITE ELEMENT ANALYSIS OF  X-JOINTS WITH 
ENHANCED PARTIAL  JOINT PENETRATION WELDS...............................55 
3.1 OVERVIEW...................................................................................................55 
3.1.1 Enhanced Partial Joint Penetration (PJP+) welds ......................................55 
3.1.2 Details of PJP+ X-joint specimens with PJP+ welds.................................59 
3.2 FINITE ELEMENT MODELS .......................................................................60 
3.3 FINITE ELEMENT RESULTS ......................................................................62 
3.3.1 Mesh refinement studies...........................................................................62 
3.3.2 Effects of enhanced partial joint penetration welds...................................66 
3.3.3 Effects of fixture loading..........................................................................68 
3.3.4 Effects of extrapolation methods ..............................................................71 
3.3.5 Effects from fabrication tolerance ............................................................76 
   
 iv 
3.4 ESTIMATED FATIGUE LIFE OF PJP+ WELDED X-JOINTS.....................82 
3.4.1 Proposed fatigue test of PJP+ welded X-joints .........................................82 
3.4.2 Estimated fatigue life of PJP+ welded X-joints.........................................83 
CHAPTER 4: FATIGUE TESTING OF X-JOINTS  WITH ENHANCED 
PARTIAL JOINT  PENETRATION WELDS......................................................87 
4.1 OVERVIEW OF TESTING PROGRAM........................................................87 
4.2 FATIGUE TESTING OF J1-1 ........................................................................91 
4.2.1 SCFs measurement...................................................................................91 
4.2.2 Fatigue test results....................................................................................94 
4.3 FATIGUE TESTING OF J1-1F ......................................................................98 
4.3.1 SCFs measurement and stress directions ..................................................98 
4.3.2 Fatigue test results..................................................................................100 
4.4 INSPECTIONS OF JOINT J1-1F AFTER FAILURE ...................................105 
4.4.1 Further investigation on fatigue crack initiation......................................105 
4.4.2 Visual inspection of weld profile and fatigue cracks...............................110 
4.4.3 Monotonic stress-strain curves ...............................................................115 
4.5 FATIGUE TESTING OF J1X-1 ...................................................................116 
4.5.1 SCFs and notch SCFs measurement .......................................................116 
4.5.2 Fatigue test results..................................................................................120 
4.6 FATIGUE TESTING OF J1X-1F .................................................................122 
4.6.1 SCFs and notch SCFs measurement .......................................................122 
4.6.2 Fatigue test results..................................................................................126 
4.6.3 Prediction of fatigue cracks from weld root ............................................131 
4.7 FATIGUE TESTING OF J1-2 ......................................................................136 
4.7.1 SCFs and notch SCFs measurement .......................................................136 
   
 v 
4.7.2 Fatigue test results..................................................................................139 
4.8 FATIGUE TESTING OF J1-2F ....................................................................142 
4.8.1 SCFs and notch SCFs measurement .......................................................142 
4.8.2 Fatigue test results..................................................................................144 
4.9 COMPARISON OF TEST RESULTS ..........................................................148 
4.10 SUMMARY ...............................................................................................152 
CHAPTER 5: FINITE ELEMENT ANALYSIS OF PLASTICITY-INDUCED 
FATIGUE CRACK CLOSURE...........................................................................154 
5.1 FE SIMULATION OF CRACK PROPAGATION........................................154 
5.1.1 Motivations............................................................................................154 
5.1.2 Node release technique ..........................................................................156 
5.1.3 Finite element modeling.........................................................................158 
5.1.4 Material constitutive model....................................................................159 
5.1.5 Verification studies ................................................................................161 
5.2 TWO-DIMENSIONAL FEA OF PIFCC.......................................................164 
5.3 THREE-DIMENSIONAL FEA OF PIFCC...................................................166 
5.3.1 Thickness effect on crack opening loads.................................................166 
5.3.2 Overload effect on crack opening loads..................................................174 
5.3.3 Side-grooving effect on crack opening loads ..........................................175 
5.4 SUMMARY .................................................................................................181 
CHAPTER 6: PLASTICITY-INDUCED FATIGUE CRACK CLOSURE IN 
FATIGUE SPECIMENS......................................................................................185 
6.1 OVERVIEW OF TESTING PROGRAM......................................................185 
6.2 COMPLIANCE OFFSET METHOD............................................................188 
6.3 SPECIMEN TYPE AND THICKNESS EFFECTS .......................................191 
   
 vi 
6.4 COMPARISONS OF FE AND EXPERIMENTAL RESULTS .....................221 
6.4.1 Cyclic stress-strain curves ......................................................................221 
6.4.2 Revised FE results and comparisons with the experiments .....................226 
6.4.2.1 Comparisons of fatigue crack closure levels ....................................226 
6.4.2.2 Comparisons of fatigue crack growth curves ...................................231 
6.4.3 Discussion on possible factors affecting the results ................................238 
6.4.3.1 Factors affecting the experimental results ........................................238 
6.4.3.2 Factors affecting FE results .............................................................239 
6.4.4 Effect of nodal distance on normalized crack opening load ....................241 
6.5 SUMMARY .................................................................................................244 
CHAPTER 7: PLASTICITY-INDUCED FATIGUE CRACK CLOSURE IN 
ENHANCED PARTIAL JOINT PENETRATION WELDED X-JOINTS........246 
7.1 INTRODUCTION........................................................................................246 
7.2 FE MODELING OF CRACKED TUBULAR JOINTS.................................247 
7.3 CRACK CLOSURE IN PJP+ WELDED TUBULAR JOINTS .....................252 
7.4 SUMMARY .................................................................................................256 
CHAPTER 8: CONCLUSIONS AND  PROPOSED FUTURE WORKS..........257 
8.1 SUMMARY AND CONCLUSIONS ............................................................257 
8.1.1 Summary ...............................................................................................257 
8.1.2 Main findings and conclusions ...............................................................258 
8.2 FUTURE INVESTIGATIONS .....................................................................261 
8.2.1 Numerical investigations........................................................................261 
8.2.1.1 Fatigue cracking mechanism in PJP+ welds.....................................261 
8.2.1.2 FE predictions of the experimental fatigue crack closure .................262 
8.2.2 Experimental program............................................................................263 
   
 vii 
8.2.2.1 Fatigue strength of partial concrete-filled PJP+ tubular joints ..........263 
8.2.2.2 Fatigue-induced lamellar tearing failure ..........................................264 
8.2.2.3 Fatigue and fracture behaviors at low temperature...........................265 
REFERENCES.....................................................................................................266 
LIST OF PUBLICATIONS .................................................................................280 
APPENDIX A: STRESS AND DISPLACEMENT NEAR THE CRACK .........282 
APPENDIX B: LOCAL DIHEDRAL ANGLES FOR J1 ...................................284 
APPENDIX C: TRUE STESS-STRAIN CALCULATIONS..............................285 
APPENDIX D: LIST OF DRAWINGS ...............................................................288 
APPENDIX E: FATIGUE CRACK GROWTH FOR M(T) SPECIMENS .......296 




(a) General symbols 
A  Cross sectional area 
iA   Constants in William’s solution 
B  Thickness of specimen 
NB   Reduced thickness after side groove 
BHN  Brinell hardness number 
C  Kinematic hardening parameter 
gC   Constant in Griffith’s problem 
ℂ   Compliance 
E   Modulus of elasticity 
TE   Tangent modulus for bilinear hardening 
FBD  Free-body diagram 
G  Energy release rate 
H  Height of specimen 
I  Identity matrix 
I  Moment of inertia 
J  Magnitude of J-integral 
K  Stress intensity factor 
BK   Bulk modulus of elasticity 
cK   Fracture toughness 
eqK   Equivalent stress intensity factor 
maxK   Maximum stress intensity factor 
   
 ix 
minK   Minimum stress intensity factor 
mK   Mean stress intensity factor 
opK   Stress intensity factor at crack opening load 
K   Normalized stress intensity factor = max yK Bσ  
L  Length between two points 
M  Applied moment 
N  Number of load cycles 
RN   Endurance limit 
P  Applied force 
Q  Increase in yield strength 
R  Load ratio 
aR   Average surface roughness 
olR   Overload ratio 
S.D.  Standard deviation 
T  Traction stress 
T  T-stress 
RT   Stress triaxiality ratio 
  U   Level of crack closure 
cV   Cross-crack voltage 
ciV   Initial cross-crack voltage 
rV   Reference voltage 
riV   Initial reference voltage 
  W  Width of specimen 
   
 x 
  a  Crack length 
  a/W  Normalized crack length 
b  Rate hardening exponent 
c  Constant in Paris equation 
  f  Yield function 
  k  Constant in Basquin’s equation 
  sk   Surface factor 
  m  Constant in Paris equation 
  n  Strain hardening exponent 
  n   Normal vector 
  p  Effective plastic strain 
  pɺ   Effective plastic strain rate 
  yr   Size of plastic zone 
  (r, θ )  Polar coordinate system 
t  Time 
ew   Strain energy density 
x  Backstress tensor 
  (x, y, z) Cartesian coordinate system 




  Fatigue crack growth rate 
  a∆   Amount of crack extension, smallest element size 
  ( )2max ya K σ∆         Normalized crack length by stress intensity factor 
  K∆   Stress intensity factor range 
   
 xi 
  cK∆   Critical stress intensity factor range 
  effK∆   Effective stress intensity factor range 
  thK∆   Threshold stress intensity factor range 
Φ   Complex potential function 
2∇   Laplacian operator 
ℵ   Electric field 
cα   Normalized crack length 
Tα   Constant in Taylor dislocation model 
Kβ   Level of mean stress factor 
γ   Kinematic hardening parameter 
  eγ   Specific surface energy 
  δ   Crack tip opening displacement 
  ijδ   Kronecker delta function 
ε   Strain 
εɺ   Strain rate 
hsε   Hot-spot strain 
nε   Engineering strain 
pε   Plastic strain 
pεɺ   Plastic strain rate 
tε   True strain 
yε   Yield strain 
κ   Constant for plane-stress or plane-strain condition 
LRλ   Constant in Leevers and Radon’s equation 
   
 xii 
ελ   Ratio between near-crack and remote strain ranges 
µ  Shear modulus  
ν   Poisson’s ratio 
Gθ   Side-groove angle 
ξ   Material constant for Kresnil and Lucas’s equation 
  σ   Cauchy stress tensor 
  ′σ   Deviatoric stress tensor 
  σ   Stress 
bendσ   Bending stress 
crσ   Critical stress 
eσ   von Mises stress 
hsσ   Hot-spot stress 
mσ   Mean hydrostatic stress 
memσ   Membrane stress 
nomσ   Nominal stress 
Nσ   Stress normal to the weld profile, primary stress 
nσ   Engineering stress 
Rσ   Rupture stress 
tσ   True stress 
  uσ   Ultimate tensile strength of material 
  yσ   Yield strength of material 
  ,0yσ   Initial yield strength of material 
 
   
 xiii 
(b) Tubular joint symbols 
BC  Brace crown 
BL  Left side of the joint, on the brace side of weld 
BR  Right side of the joint, on the brace side of weld 
BS  Brace saddle 
CC  Chord crown 
CHS  Circular hollow section 
CJP  Complete joint penetration weld 
CL  Left side of the joint, on the chord side of weld 
CR  Right side of the joint, on the chord side of weld 
CS  Chord saddle 
EXP  Extrapolation region 
IPB  In-plane bending 
J1  Tubular X-joint 1 
J1X  Tubular X-joint 1, with profile control 
J2  Tubular X-joint 2 
NSCF  Notch stress concentration factor 
PJP  Partial joint penetration weld 
PJP+  Enhanced partial joint penetration 
RL  Left side of the joint, on the chord near weld root 
RR  Right side of the joint, on the chord near weld root 
SCF  Stress concentration factor 
SNCF  Strain concentration factor 
~F  Flipped tubular joint 
1d   Diameter of brace 
   
 xiv 
0d   Diameter of chord 
1l   Length of brace 
0l   Length of chord 
  q  Notch sensitivity factor 
1t   Thickness of brace 
0t   Thickness of chord 
α   Chord length to radius ratio 
β   Brace to chord diameter ratio 
γ   Chord radius to thickness ratio 
τ   Brace to chord thickness ratio 
θ   Angle between brace and chord 
ρ   Local angle on the brace 
ψ   Local dihedral angle 
 
(c) Fracture mechanics specimens 
C(T)  Compact tension specimen 
CG(T)  Side-grooved compact tension specimen 
M(T)  Middle tension specimen 
SE(B)  Single edge notched bending specimen 
SE(T)  Single edge notched tension specimen 
SSY  Small-scale yielding model 






   
 xv 
(d) Finite element nomenclatures 
CST  Constant strain triangular elements 
LST  Linear strain triangular elements 
Q4  4-node quadrilateral elements 
Q8  8-node quadrilateral elements 
C3D20  20-node brick elements 
C3D20R 20-node brick elements with reduced integration  
  ~R  Elements with reduced integration 
  PSS  Plane stress condition 
  PSN  Plane strain condition 
 
   
 xvi 
LIST OF FIGURES 
 
Fig. 1.1: Fatigue of crankshaft ................................................................................... 2 
Fig. 1.2: Fatigue of pile driver device ........................................................................ 2 
Fig. 1.3: Typical offshore platform............................................................................ 3 
Fig. 1.4: Jacket structures .......................................................................................... 3 
Fig. 1.5: CHS T-joint and  hot-spot locations............................................................. 6 
Fig. 1.6: Fatigue failure of K-joint along the weld profile .......................................... 6 
Fig. 2.1: Typical S-N or Wöhler’s curve ...................................................................11 
Fig. 2.2: Griffith’s problem.......................................................................................11 
Fig. 2.3: Three modes of fracture..............................................................................11 
Fig. 2.4: Notations for crack tip stress field...............................................................13 
Fig. 2.5: Typical C(T) specimen ...............................................................................14 
Fig. 2.6: Typical M(T) specimen ..............................................................................14 
Fig. 2.7: Plane-stress and plane-strain plastic zone (ν = 0.3) .....................................18 
Fig. 2.8: Idealized plastic zone shape along the 3-D crack front ................................18 
Fig. 2.9: Stress-strain curve for nonlinear elastic and elastic-plastic materials ...........20 
Fig. 2.10: Contour integral around the crack tip ........................................................20 
Fig. 2.11: Stage I and stage II fatigue crack ..............................................................21 
Fig. 2.12: Striations in steel ......................................................................................21 
Fig. 2.13: Different phases of fatigue mechanism .....................................................22 
Fig. 2.14: Fatigue crack initiation  from slip band. ....................................................23 
Fig. 2.15: Fatigue crack initiation  from inclusions. ..................................................23 
Fig. 2.16: Effect of surface roughness of Wöhler’s curve..........................................23 
Fig. 2.17: Effect of surface conditions on endurance limit of steel ............................24 
   
 xvii 
Fig. 2.18: Effect of surface roughness on endurance limit of steel.............................24 
Fig. 2.19: Stress gradient effect in  shafts under bending ..........................................25 
Fig. 2.20: Stress gradient effect in notched specimens ..............................................25 
Fig. 2.21: Stress components in  fatigue process zone ...............................................26 
Fig. 2.22: Multiaxial fatigue test  on circular shaft ....................................................26 
Fig. 2.23: Constant-amplitude loading ......................................................................28 
Fig. 2.24: Fatigue crack growth rate .........................................................................28 
Fig. 2.25: Fatigue crack closure ................................................................................32 
Fig. 2.26: Fatigue crack growth curve.......................................................................32 
Fig. 2.27: Typical stress-strain curves under cyclic loading ......................................33 
Fig. 2.28: Cyclic stress-strain curves of various materials .........................................34 
Fig. 2.29: Effects of hardness on cyclic stress-strain curves ......................................34 
Fig. 2.30: Isotropic hardening under reversed loading...............................................37 
Fig. 2.31: Kinematic hardening under reversed loading ............................................38 
Fig. 2.32: Flow rule of linear and nonlinear kinematic hardening..............................39 
Fig. 2.33: Effect of Q value ......................................................................................40 
Fig. 2.34: Effect of b value .......................................................................................40 
Fig. 2.35: Typical geometry of tubular X-joint..........................................................41 
Fig. 2.36: Vector normal to the weld.........................................................................45 
Fig. 2.37: SCF by FE analysis ..................................................................................45 
Fig. 2.39: Positions of strain gauges .........................................................................48 
Fig. 2.40: Extrapolation of strains.............................................................................48 
Fig. 2.41: ACPD fundamentals .................................................................................49 
Fig. 2.42: ACPD test kit ...........................................................................................49 
Fig. 2.43: Design S-N curves based on nominal stress range.....................................51 
   
 xviii 
Fig. 2.44: Design S-N curves for CHS tubular joints.................................................53 
Fig. 2.45: Design S-N curves based on notch stress range.........................................54 
Fig. 3.1: Comparisons of CJP, PJP, and PJP+ welding..............................................55 
Fig. 3.2: Typical fatigue root crack...........................................................................56 
Fig. 3.3: PJP welding section....................................................................................56 
Fig. 3.4: Typical weld toe cracks ..............................................................................57 
Fig. 3.5: Geometry of PJP+ welding .........................................................................57 
Fig. 3.6: Enhanced partial joint penetration weld details ...........................................58 
Fig. 3.7: Proposed tubular X-joint J1 with PJP+ welding ..........................................59 
Fig. 3.8: A typical FE model for the tubular X-joint J1 .............................................60 
Fig. 3.9: Boundary conditions of FE model J1 ..........................................................61 
Fig. 3.10: Nominal stress calculation ........................................................................62 
Fig. 3.11: SCF comparisons of different mesh refinements .......................................64 
Fig. 3.12: SCF comparisons of different mesh refinements .......................................65 
Fig. 3.13: Difference between PJP+ and CJP FE models...........................................66 
Fig. 3.14: Effect of LOP region on SCF profiles .......................................................67 
Fig. 3.15: Maximum principal stress contour of PJP+ and CJP FE models................68 
Fig. 3.16: FE models of J1 loaded via a reusable fixture ...........................................69 
Fig. 3.17: SCF comparisons of point load and fixture load........................................70 
Fig. 3.18: Maximum SCF profiles of point load and fixture load ..............................71 
Fig. 3.19: SCF profiles from linear, quadratic extrapolation, and notch.....................72 
Fig. 3.20: Coefficients of determination of linear and quadratic extrapolations .........73 
Fig. 3.21: Effect of extrapolation methods on experimental SCF ..............................74 
Fig. 3.22: Locations of notch at brace and chord weld toes .......................................74 
Fig. 3.23: Ratio of NSCF to SCF ..............................................................................75 
   
 xix 
Fig. 3.24: As-built PJP+ welded joints in fabrication yard ........................................77 
Fig. 3.25: Misalignment patterns for J1.....................................................................78 
Fig. 3.26: FE model of J1 including fabrication error................................................79 
Fig. 3.27: Effects of fabrication error on SCF profiles ..............................................80 
Fig. 3.28: Effects of fabrication error on NSCF profiles............................................81 
Fig. 4.1: Final setup of CHS X-joint in NUS Structural Laboratory ..........................88 
Fig. 4.2: Schematic diagram for strain gauges and transducers..................................89 
Fig. 4.3: Typical strip gauge for  SCFs measurement ................................................92 
Fig. 4.4: Applied load for SCFs measurement of J1-1...............................................92 
Fig. 4.5: Strain distributions for J1-1 at BL135 and CL135.......................................92 
Fig. 4.6: SCF profiles from experiment of J1-1.........................................................93 
Fig. 4.7: Fatigue crack of J1-1 at 235 kN..................................................................94 
Fig. 4.8: Tubular joint J1-1 failed by cyclic loading..................................................95 
Fig. 4.9: Time-history of J1-1 stiffness .....................................................................95 
Fig. 4.10: Relocation of ACPD fixed probes.............................................................96 
Fig. 4.11: Fatigue crack profile of J1-1 (CL rear crack) ............................................96 
Fig. 4.12: Changes in strain range ratios during fatigue cracking ..............................97 
Fig. 4.13: Comparison of J1-1 to API design S-N curves ..........................................97 
Fig. 4.14: SCF profiles from experiment of J1-1F.....................................................99 
Fig. 4.15: Fatigue cracks of J1-1F after fatigue failure ............................................101 
Fig. 4.16: Fatigue crack growth profile of J1-1F (CL rear crack) ............................101 
Fig. 4.17: Fatigue crack growth profile of J1-1F (BL front crack)...........................102 
Fig. 4.18: Fatigue crack growth profile of J1-1F (BL rear crack) ............................102 
Fig. 4.19: Fatigue crack growth profile of J1-1F (CR front crack)...........................103 
Fig. 4.20: Fatigue crack growth curves of J1-1F .....................................................104 
   
 xx 
Fig. 4.21: Comparison of J1-1F to API design S-N curves ......................................104 
Fig. 4.22: Maximum shear stress profiles at notch (type A) ....................................106 
Fig. 4.23: Maximum shear stress profiles at notch (type B).....................................106 
Fig. 4.24: Dang Van fatigue failure parameter profiles at notch (type A) ................106 
Fig. 4.25: Dang Van fatigue failure parameter profiles at notch (type B).................107 
Fig. 4.26: Through-thickness stress of J1 (type A) at ρ = 120o ................................108 
Fig. 4.27: Through-thickness stress of J1 (type A) at ρ = 135o ................................108 
Fig. 4.28: Through-thickness stress of J1 (type B) at ρ = 120o ................................109 
Fig. 4.29: Through-thickness stress of J1 (type B) at ρ = 135o ................................109 
Fig. 4.30: Fatigue crack on the brace of J1-1F after ultimate failure........................110 
Fig. 4.31: Band saw sections of J1-1F.....................................................................110 
Fig. 4.32: Comparison of actual weld profile and FE model (ρ = 0o).......................111 
Fig. 4.33: Comparison of actual weld profile and FE model (ρ = 60o).....................111 
Fig. 4.34: Comparison of actual weld profile and FE model (ρ = 120o)...................112 
Fig. 4.35: Comparison of actual weld profile and FE model (ρ = 180o)...................112 
Fig. 4.36: Measurement of brace crack (front) for J1-1F .........................................114 
Fig. 4.37: Measurement of brace crack (rear) for J1-1F...........................................114 
Fig. 4.38: True stress-strain curve of brace (from J1-1F).........................................115 
Fig. 4.39: True stress-strain curve of chord (from J1-1F) ........................................116 
Fig. 4.40: Controlled weld profile and notch strip gauges on J1X-1 ........................118 
Fig. 4.41: Strain distributions for J1X-1 at BL225 and CL225 ................................118 
Fig. 4.42: SCF and NSCF profiles from experiment of J1X-1 .................................119 
Fig. 4.43: Fatigue crack growth profile of J1X-1 (CL rear crack)............................120 
Fig. 4.44: Fatigue crack growth curve of J1X-1 ......................................................121 
Fig. 4.45: Fatigue crack on J1X-1 after fatigue failure ............................................121 
   
 xxi 
Fig. 4.46: Comparison of J1X-1 to API design S-N curves .....................................122 
Fig. 4.47: As-welded details and post-weld treatment .............................................123 
Fig. 4.48: SCF and NSCF profiles from experiment of J1X-1F...............................125 
Fig. 4.49: Fatigue cracks of J1X-1F........................................................................126 
Fig. 4.50: Fatigue crack growth profile of J1X-1F (CL rear crack)..........................127 
Fig. 4.51: Fatigue crack growth profile of J1X-1F (BL rear crack)..........................128 
Fig. 4.52: Fatigue crack profile of J1X-1F (CR crack) ............................................128 
Fig. 4.53: Fatigue crack growth curves of J1X-1F...................................................129 
Fig. 4.54: Comparisons of J1X-1F to API design S-N curves..................................130 
Fig. 4.55: Band saw sections of J1X-1F..................................................................132 
Fig. 4.56: Typical fatigue crack from weld root ......................................................132 
Fig. 4.57: Typical fatigue cracks along brace-to-chord intersection.........................132 
Fig. 4.58: Extended FE model for prediction of weld root failure............................132 
Fig. 4.59: Stress distribution on chord near weld root .............................................133 
Fig. 4.60: SCF profiles of J1 (misalignment type A) on weld root...........................134 
Fig. 4.61: Estimated fatigue root crack cycles.........................................................136 
Fig. 4.62: SCF and NSCF profiles from experiment of J1-2....................................138 
Fig. 4.63: Fatigue cracks of J1-2 after fatigue failure ..............................................139 
Fig. 4.64: Fatigue crack growth profile of J1-2 (CL rear crack)...............................140 
Fig. 4.65: Fatigue crack growth profile of J1-2 (CL front crack) .............................140 
Fig. 4.66: Fatigue crack growth curves of J1-2 .......................................................141 
Fig. 4.67: Comparison of J1-2 to API design S-N curves ........................................142 
Fig. 4.68: SCF and NSCF profiles from experiment of J1-2F..................................143 
Fig. 4.69: Fatigue crack growth profile of J1-2F (CL front crack)...........................146 
Fig. 4.70: Fatigue crack growth profile of J1-2F (CL rear crack) ............................146 
   
 xxii 
Fig. 4.71: Fatigue crack growth profile of J1-2F (CR front crack)...........................147 
Fig. 4.72: Fatigue crack growth curves of J1-2F .....................................................147 
Fig. 4.73: Comparisons of J1-2F to API design S-N curves ....................................148 
Fig. 4.74: Comparisons of fatigue crack growths at the deepest points....................150 
Fig. 4.75: Comparisons of PJP+ test results with the nominal stress curves.............150 
Fig. 4.76: Comparisons of PJP+ test results with the hot-spot stress curves.............151 
Fig. 4.77: Comparisons of PJP+ test results with the notch stress curves.................152 
Fig. 5.1: Thickness effect on fracture specimens.....................................................155 
Fig. 5.2: Node release technique and determination of crack opening load..............157 
Fig. 5.3: Typical FE models for C(T) and M(T) specimens.....................................159 
Fig. 5.4: Yield surfaces of isotropic and kinematic hardening models .....................160 
Fig. 5.5: Uniaxial true stress-strain curves of S355 structural steel..........................160 
Fig. 5.6: Verification of FEA of PIFCC with experimental results ..........................163 
Fig. 5.7: Kop/Kmax for plane-stress and plane-strain C(T) specimens ........................165 
Fig. 5.8: Kop/Kmax for plane-stress and plane-strain M(T) specimens .......................166 
Fig. 5.9: Kop/Kmax for 3-D C(T) specimens..............................................................167 
Fig. 5.10: Kop/Kmax for 3-D M(T) specimens ...........................................................169 
Fig. 5.11: Triaxiality ratio contours for C(T) and M(T) specimens..........................172 
Fig. 5.12: FE model and geometries of side-grooved C(T) specimen ......................175 
Fig. 5.13: Triaxiality ratio contours for side-grooved C(T) specimens.....................176 
Fig. 5.14: Kop/Kmax for plain-sided and side-grooved C(T) specimens .....................180 
Fig. 5.15: Average normalized crack opening load for various specimens...............182 
Fig. 6.1: Fatigue test setup for C(T) and M(T) specimens .......................................186 
Fig. 6.2: Typical load-displacement curve ..............................................................187 
Fig. 6.3: Compliance when the crack is fully opened ..............................................188 
   
 xxiii 
Fig. 6.4: Compliance for each mean load................................................................189 
Fig. 6.5: Crack opening load determined from compliance offset............................189 
Fig. 6.6: As-fabricated C(T) specimens ..................................................................191 
Fig. 6.7: As-fabricated M(T) specimens..................................................................191 
Fig. 6.8: Fatigue crack growth curves for Set 1 tests ...............................................194 
Fig. 6.9: Fatigue crack growth rate curve for 1T CG(T) specimen ...........................194 
Fig. 6.10: Fatigue crack growth rate curve for 1T C(T) specimen ...........................195 
Fig. 6.11: Fatigue crack growth rate curve for 0.5T C(T) specimen ........................195 
Fig. 6.12: Fatigue crack growth rate curve for 0.25T C(T) specimen.......................196 
Fig. 6.13: Fatigue crack growth rate curve for 0.125T C(T) specimen.....................196 
Fig. 6.14: Fatigue crack growth rate curve for 0.88T M(T) specimen......................197 
Fig. 6.15: Fatigue crack growth rate curve for 0.5T M(T) specimen........................197 
Fig. 6.16: Comparisons of fatigue test results .........................................................198 
Fig. 6.17: Normalized crack opening loads for 1T CG(T) (Set 1).............................200 
Fig. 6.18: Normalized crack opening loads for 1T C(T) (Set 1)...............................200 
Fig. 6.19: Normalized crack opening loads for 0.5T C(T) (Set 1)............................201 
Fig. 6.20: Normalized crack opening loads for 0.25T C(T) (Set 1)..........................201 
Fig. 6.21: Normalized crack opening loads for 0.125T C(T) (Set 1)........................202 
Fig. 6.22: Normalized crack opening loads for 0.88T M(T) (Set 1).........................202 
Fig. 6.23: Normalized crack opening loads for 0.5T M(T) (Set 1)...........................203 
Fig. 6.24: Comparisons of Kop/Kmax at different stress intensity factor levels...........203 
Fig. 6.25: Fatigue crack growth curve for 1T CG(T) (Set 2) ....................................205 
Fig. 6.26: Normalized crack opening loads for 1T CG(T) (Set 2).............................205 
Fig. 6.27: Fatigue crack growth curve for 1T C(T) (Set 2) ......................................206 
Fig. 6.28: Normalized crack opening loads for 1T C(T) (Set 2)...............................206 
   
 xxiv 
Fig. 6.29: Fatigue crack growth curve for 0.5T C(T) (Set 2) ...................................207 
Fig. 6.30: Normalized crack opening loads for 0.5T C(T) (Set 2)............................207 
Fig. 6.31: Fatigue crack growth curve for 0.25T C(T) (Set 2) .................................208 
Fig. 6.32: Normalized crack opening loads for 0.25T C(T) (Set 2)..........................208 
Fig. 6.33: Fatigue crack growth curve for 0.125T C(T) (Set 2)................................209 
Fig. 6.34: Normalized crack opening loads for 0.125T C(T) (Set 2)........................209 
Fig. 6.35: Fatigue crack growth curve for 0.88T M(T) (Set 2).................................210 
Fig. 6.35: Normalized crack opening loads for 0.88T M(T) (Set 2).........................210 
Fig. 6.37: Fatigue crack growth curve for 0.5T M(T) (Set 2)...................................211 
Fig. 6.38: Normalized crack opening loads for 0.5T M(T) (Set 2)...........................211 
Fig. 6.39: Fatigue crack growth curve for 1T CG(T) (Set 3) ....................................212 
Fig. 6.40: Normalized crack opening loads for 1T CG(T) (Set 3).............................212 
Fig. 6.41: Fatigue crack growth curve for 1T C(T) (Set 3) ......................................213 
Fig. 6.42: Normalized crack opening loads for 1T C(T) (Set 3)...............................213 
Fig. 6.43: Fatigue crack growth curve for 0.5T C(T) (Set 3) ...................................214 
Fig. 6.44: Normalized crack opening loads for 0.5T C(T) (Set 3)............................214 
Fig. 6.45: Fatigue crack growth curve for 0.25T C(T) (Set 3) .................................215 
Fig. 6.46: Normalized crack opening loads for 0.25T C(T) (Set 3)..........................215 
Fig. 6.47: Fatigue crack growth curves for Set 2 tests .............................................217 
Fig. 6.48: Fatigue crack growth curves for Set 3 tests .............................................217 
Fig. 6.49: Severely deformed 0.88T M(T) specimen after 50% overload ................221 
Fig. 6.50: Typical cyclic stress-strain test setup ......................................................222 
Fig. 6.51: Cyclic stress-strain curve of coupon C1 ..................................................222 
Fig. 6.52: Cyclic stress-strain curve of coupon C2 ..................................................223 
Fig. 6.53: Comparison of cyclic and monotonic stress-strain curves........................224 
   
 xxv 
Fig. 6.54: Regressed and measured true cyclic stress-strain curve ...........................225 
Fig. 6.55: Normalized crack opening loads for 1T CG(T) specimen.........................227 
Fig. 6.56: Normalized crack opening loads for 1T C(T) specimen ..........................228 
Fig. 6.57: Normalized crack opening loads for 0.5T C(T) specimen........................228 
Fig. 6.58: Normalized crack opening loads for 0.25T C(T) specimen......................229 
Fig. 6.59: Normalized crack opening loads for 0.125T C(T) specimen....................229 
Fig. 6.60: Normalized crack opening loads for 0.88T M(T) specimen.....................230 
Fig. 6.61: Normalized crack opening loads for 0.5T M(T) specimen.......................230 
Fig. 6.62: Correlation of Paris constants .................................................................233 
Fig. 6.63: Fatigue crack growth curves for 1T CG(T) specimen...............................233 
Fig. 6.64: Fatigue crack growth curves for 1T C(T) specimen.................................234 
Fig. 6.65: Fatigue crack growth curves for 0.5T C(T) specimen..............................234 
Fig. 6.66: Fatigue crack growth curves for 0.25T C(T) specimen............................235 
Fig. 6.67: Fatigue crack growth curves for 0.125T C(T) specimen..........................235 
Fig. 6.68: Fatigue crack growth curves for 0.88T M(T) specimen...........................236 
Fig. 6.69: Fatigue crack growth curves for 0.5T M(T) specimen.............................236 
Fig. 6.70: Crack opening load of the corner node at the 4th element ........................242 
Fig. 6.71: Crack closure load at the corner node of the 4th element..........................243 
Fig. 6.72: Normalized crack opening and closure loads using the 2nd element .........243 
Fig. 6.73: Normalized crack opening and closure loads using the 4th element .........244 
Fig. 7.1: Smoothened fatigue crack front and as-recorded ACPD data ....................247 
Fig. 7.2: FE modeling of cracked tubular joint ........................................................248 
Fig. 7.3: Stress components in thick-wall structural sections...................................249 
Fig. 7.4: Stress redistribution in cracked tubular joint .............................................249 
Fig. 7.5: Stress components on fatigue-cracked section...........................................249 
   
 xxvi 
Fig. 7.6: Fatigue crack closure FE model for section J1-2-CL242 ...........................251 
Fig. 7.7: Applied moment via force couple .............................................................251 
Fig. 7.8: Stress intensity factors at different crack depths for J1-2-CL242...............253 
Fig. 7.9: Plastic zone shape for section J1-2-CL242 (a = 11.0 mm).........................254 
Fig. 7.10: Kop/Kmax of section model J1-2-CL242 (a = 10.0 – 12.0 mm)..................254 
Fig. 7.11: Fatigue crack growth retardation of J1-2-CL242.....................................255 
Fig. 8.1: Partially grouted tubular X-joint J2...........................................................263 
Fig. B.1: Relationship of local dihedral angle and brace angle ................................284 
Fig. C.1: Comparison of engineering and true stress-strain curves ..........................287 
Fig. D.1: 1T C(T) specimen....................................................................................289 
Fig. D.2: 0.5T C(T) specimen.................................................................................290 
Fig. D.3: 0.25T C(T) specimen...............................................................................291 
Fig. D.4: 0.125T C(T) specimen .............................................................................292 
Fig. D.5: 1T CG(T) specimen..................................................................................293 
Fig. D.6: 0.88T M(T) specimen ..............................................................................294 
Fig. D.7: 0.5T M(T) specimen ................................................................................295 
Fig. E.1: Measured and regressed fatigue crack growth curves for 0.88T M(T).......298 
Fig. E.2: Measured and regressed fatigue crack growth curves for 0.5T M(T).........298 
   
 xxvii 
LIST OF TABLES 
 
Table 2.1: Effect of diameter of shaft on endurance limit ..........................................25 
Table 2.2: Basquin’s constants for nominal stress approach......................................50 
Table 2.3: Basquin’s constants for hot-spot stress approach......................................52 
Table 2.4: Basquin’s constants for notch stress approach..........................................54 
Table 3.1: Number of nodes and elements for J1 ......................................................63 
Table 3.2: Maximum SCF for J1 ..............................................................................66 
Table 3.3: Maximum SCFs at the weld toes..............................................................75 
Table 3.4: Maximum values of SCFs and NSCFs for brace-crooked J1 ....................82 
Table 3.5: Tubular joint specimens and applied load.................................................83 
Table 3.6: Fatigue life approximation based on nominal stress approach ..................84 
Table 3.7: Fatigue life approximation based on hot-spot stress approach...................85 
Table 3.8: Fatigue life approximation based on notch stress approach.......................86 
Table 4.1: Measured SCF values for J1-1 .................................................................91 
Table 4.2: Measured SCF values for J1-1F .............................................................100 
Table 4.3: Measured SCF and NSCF values for J1X-1 ...........................................117 
Table 4.4: Measured SCF and NSCF values for J1X-1F .........................................124 
Table 4.5: Improvement factors for different post-weld treatment techniques .........131 
Table 4.6: Basquin’s constants for fatigue crack at weld root..................................135 
Table 4.7: Measured SCF and NSCF values for J1-2 ..............................................137 
Table 4.8: Measured SCF and NSCF values for J1-2F ............................................144 
Table 5.1: Number of nodes and elements for FE fatigue models............................158 
Table 6.1: Fatigue specimens for PIFCC analysis ...................................................192 
Table 6.2: Paris constants for fatigue specimens .....................................................198 
   
 xxviii 
Table 6.3: Fatigue crack growth rates for Set 2 tests (a = 10.0-20.0 mm) ................218 
Table 6.4: Fatigue crack growth rates for Set 3 tests (a = 10.0-20.0 mm) ................218 
Table 6.5: Effect of overload on elapsed cycles for Set 2 tests ................................218 
Table 6.6: Effect of overload on elapsed cycles for Set 3 tests ................................219 
Table 6.7: Effect of overload on Kop,2%/Kmax for Set 2 .............................................219 
Table 6.8: Effect of overload on Kop,2%/Kmax for Set 3 .............................................219 











 The objective of this thesis is to study experimentally and numerically the 
plasticity-induced fatigue crack closure (PIFCC) behavior in offshore structural steels 
through full-scale testings of circular hollow section (CHS) X-joints and small-scale 
testings of compact tension, C(T), and middle tension, M(T), fatigue specimens. For 
the full-scale testing, the fatigue performance of the welded tubular joints using a new 
type of partial joint penetration weld, namely the enhanced partial joint penetration 
(PJP+) welds, are studied. The experimental program includes three circular hollow 
section (CHS) X-joints under brace in-plane bending action generated by the 
constant-amplitude loading. Each specimen has a different applied load range, post-
weld surface treatment, residual stress, and the overload test. For each configuration, 
the stress concentration factor is measured and the cyclic load is subsequently applied 
until the fatigue crack depth reaches 80% of the wall thickness. The fatigue test 
results show the satisfactory fatigue performance of the PJP+ welds in comparison 
with the design S-N curves developed for the traditional complete joint penetration 
welds such as API RP 2A (2002).  
 The PIFCC behavior for structural steels is investigated by using the small-
scale fatigue specimens, C(T) and M(T) specimens fabricated with the dimensions 
follow ASTM E 647 (2011) and using the similar material to the CHS X-joints. The 
effect of in-plane constraints (specimen type) and out-of-plane constraints (thickness 
and side-grooving) on the fatigue crack closure level are quantified through the 
compliance offset method stipulated in ASTM E 647 (2011). Different types of cyclic 
loading are applied including constant load and constant stress intensity factor tests. 
All fatigue test results show that 1) thicker specimens have the faster fatigue crack 
   
 xxx 
growth rates than those of the thinner ones, 2) with the same thickness, the C(T) 
specimen has the faster fatigue crack propagation rate than that of the M(T) specimen, 
and 3) side-grooved 1T C(T) specimen has the faster fatigue crack growth rate than 
that of the plain-sided 1T C(T) specimen. The fatigue crack growth rate of the side-
grooved 1T C(T) specimen is twice of that of the 0.5T M(T) specimen.  
The node-release technique is adopted in this thesis for fatigue crack closure 
simulation, by releasing the boundary conditions or element connections along the 
fatigue crack front cycle-by-cycle. The fatigue crack closure level is estimated when 
the separation of the reference node to the opposite crack face. The numerical results 
verify that 1) the trends of the experimental PIFCC levels of small-scale fatigue 
specimens agree with the numerical results, 2) a small amount of PIFCC exists in 
fatigue-cracked tubular joint specimens and impose negligible effects on the fatigue 
crack propagation rate under constant-amplitude loading, and 3) the fatigue crack 
after 50% overload in the fatigue-cracked tubular joint retards and the delayed crack 
propagation agrees with the experimental measurements. 
The experimental and numerical findings in this thesis yield the following 
conclusions 1) the effect of the PIFCC is strong in fatigue specimens, especially thin 
specimens and M(T) specimens, and 2) for full-scale structures with surface-breaking 
fatigue cracks, this effect is negligible.  
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CHAPTER ONE 








People have wondered for a long time why specific types of structures such as 
bridges, crankshafts, or other mechanical components, fail catastrophically at service 
loads, even though the loading is much less than their ultimate strength. Braithwaite 
(1854) illustrates that the failures of such structures are caused by repeated loading, 
and this phenomenon is later called “Fatigue Failure”. The common examples at that 
time are train crashes around the world caused by fatigue of axles and railways. 
However, the mechanism of the fatigue failure is not fully understood until during the 
World War II. The vast majority of liberty ships are broken, even moored in the 
harbor, leading to a strong demand on understanding the fatigue phenomenon.  
 In general, repeated loads cause fatigue cracks to originate from flaws or 
material imperfections. These cracks extend gradually until the structure is unable to 
resist the load, and the total collapse occurs.  Figures 1.1 and 1.2 show how the 
fatigue cracks grow from material imperfections and defects near the weld region, 
respectively. 
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Fig. 1.1: Fatigue of crankshaft 
http://en.wikipedia.org/wiki/fatigue 
Fig. 1.2: Fatigue of pile driver device 
 
Over the past decades, the global energy consumption has drastically raised the 
need for natural resources, especially the petroleum. Rapid increases in the fuel demand 
leads to broad subsea explorations and installations of drilling rigs. Since the weather 
conditions and loading on offshore structures (Fig. 1.3) vary greatly in position and time, 
they have to be designed to reach high levels of serviceability (e.g., minimal vibration for 
human comfort, allowable fatigue crack length) and survivability (i.e., ultimate load 
resistance during hurricanes or earthquakes).  
Steel structures are heavily used in various types of offshore structures. Since 
steel has high load resistance compared to selfweight, high ductility, and easy to 
fabricate and construct, it is utilized as structural components such as columns and 
bracings in fixed offshore structures (Fig. 1.4). However, the whole lifetime of 
offshore structures are subjected to various repeated loadings such as wind, wave, 
current, impact, earthquake, and operational loadings, fatigue cracks are commonly 
found. The fatigue crack in offshore steel structures usually nucleates from material 
defects (e.g., flaws, voids, or inclusions) or imperfect structural connections (e.g., 
welds, rivets, or bolts), aggravated by repeated loadings, and leading to a possible 
structural collapse. 
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Fig. 1.3: Typical offshore platform 
http://www.bp.com 




1.2.1 Fatigue and plasticity-induced fatigue crack closure 
Fatigue is the failure of materials subjected to periodic loadings. In general, a 
higher tensile loading range yields a lower fatigue life. At a particular loading range, 
the more number of repeated loading cycles, the easier the fatigue crack initiation and 
the subsequent crack propagation in structures. The crack growth rate therefore 
provides the material information about the resistance to fatigue failure. Earlier 
researchers such as Moore (1923), Gough (1926), study the fatigue crack growth rate.  
Head (1953) proposes the first relationship between the amount of fatigue crack 












,      (1.1) 
where Hc  is the constant depending on the hardening exponent of material, a  is the 
crack length, yσ  is the yield strength of material, and yr  is the size of the plastic zone. 
In this equation, the material is assumed to have linear strain hardening, and 
does not exhibit the Bauschinger effect (see Bauschinger, 1881). However, the 
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mechanism of fatigue is not well understood until Paris et al. (1961) propose the 
empirical formula for the steady-state fatigue crack growth rate, which is a power law 
of the stress intensity factor range (the difference between the maximum and the 





= ∆ ,       (1.2) 
where  c and m are material constants ( 3m ≈ for steel), and K∆  is the stress intensity 
factor range. With the definition of stress intensity factor (see section 2.1.1.1), Head’s 
equation can be rearranged into Paris law. In general, the crack propagation rate also 
depends on the load level. Paris law is then modified by Forman (1967) to account for 
high load levels and Donahue (1972) for low load levels. The generalized fatigue 
crack propagation law is introduced by Erdogan and Ratwani (1970) and  Priddle 
(1976) which can explain a wide range of load levels including the steady-state crack 
growth (Paris region), the low load level (threshold stress intensity) region, and the 
high load level (fatigue fracture) region. These equations will be discussed again in 
section 2.1.3. 
Elber (1970), via experimental observations, shows that the crack can close 
even in pure tensile periodic loadings. Even though the crack closure phenomenon is 
complex and the supporting theories are inadequate, Wheeler (1972) suggests that this 
crack closure comes from severe material plastic deformations left behind the crack 
tip after an overload. The result of this crack closure phenomenon leads to the slower 
fatigue crack growth rate. Therefore, the Paris law should depend on the effective 
stress intensity factor range, which is the difference between the maximum stress 







= − .      (1.3) 
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 Elber (1970) and Schijve (1981) provide the crack closure level for aluminum 
sheet specimens subjected to cyclic loads for various load ratios, and these values are 
usually used as references for the plane-stress condition (see section 2.1.2.2 for details). 
1.2.2 Fatigue strength of tubular joints 
Offshore jacket structures are usually constructed by joining (e.g., welding) of 
structural steel circular hollow sections (CHS). Structural members built of these 
closed form (compact) sections exhibit excellent buckling and torsional resistances 
due to their high radii of gyration. Besides their relatively lower drag coefficient (for 
wind and wave loadings) compared to any open sections, 1) they provide buoyancy 
and storage (for floating structures), 2) they can be reinforced by grouting, and 3) they 
are architecturally aesthetic. These advantages also extend their usages to on-shore 
long-span structures such as bridges, cranes, and roof structures. However, the joint 
(connection between the main member and the branch members as shown in Fig. 1.5) 
normally induces locally high stresses; with the stress concentration factor (SCF) 
greater than one. For welded connections, the location of the highest stress, namely 
the “hot-spot stress”, usually occurs along the weld profile called the “hot-spot 
location”. The hot-spot stress, along with local defects in the weld ligament, dictates 
the fatigue life of offshore tubular joints by means of Wöhler’s curve (see section 
2.2.5 for details). Figure 1.6 shows the fatigue crack developed along the weld profile 
before the complete separation.  
The first parametric study of stress concentration factors on offshore tubular 
joints is introduced by Kuang (1975) using finite element analysis (FEA), excluding 
weld details. Therefore, hot-spot stresses are directly obtained at the intersection 
between the chord (main member) and the brace (branch member). Although his 
equations could not predict SCFs accurately, subsequent researches formulate the 
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parametric equations similar to Kuang’s works. For example, Efthymiou (1988) 
studies various tubular joint configurations by finite element method. The members 
are modeled by 16-node shell elements, which are able to model the wall thickness. 
The weld profile is modeled according to American Welding Society (AWS) code, 
AWS D1.1. The SCFs are given at the crown and saddle points of the chord and brace. 
Efthymiou equations have been widely adopted to determine the fatigue strength for 




Fig. 1.5: CHS T-joint and  
hot-spot locations 
Fig. 1.6: Fatigue failure of K-joint 
along the weld profile 
Adapted from Marshall and Qian (2011) 
 
 
Since these parametric equations depend on loading conditions and tubular joint 
geometries, some equations related to this study will be shown in section 2.2.1. However, 
for general loading and accurate SCFs, to yield the precise fatigue crack initiation site and 
fatigue life, appropriate element in FEA should be used. The 20-node brick element is 
adopted because it has many advantages for tubular joint geometry such as 1) the weld 
can be included and the mesh is structured, 2) it can represent the curve and deformed 
shape accurately, and 3) the stress is more accurate than the 8-noded brick elements. 
The reduced integration scheme, following Romejin (1994), is used to reduce too-stiff 
result from bending mode. The detailed calculation of SCFs, which are perpendicular to 
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1.2.3 Finite element analysis of plasticity-induced fatigue crack closure 
Finite element simulations of the plasticity-induced fatigue crack closure (PIFCC) 
is not studied until Newman (1974), who utilizes spring elements attached to the crack 
line to simulate crack propagation. The crack extends by releasing the spring element at 
the maximum load. For the symmetric FE model, the material near the crack-tip region 
might cross the symmetric plane during unloading. The nodal displacements along the 
symmetric plane are monitored and the additional spring elements are used to prevent the 
nodes crossing the boundary. This technique has been utilized in various fracture 
mechanics specimens with different T-stresses and plane conditions (Fleck, 1986; Fleck 
and Newman, 1988). Further improvements on mesh refinement for improved 
convergence and reflecting experimental results were recommended by McClung and 
Sehitoglu (1989), Dougherty et al. (1997), and Park et al. (1997). However, crack 
advancement by releasing spring elements might lead to complications in the finite 
element modeling. Solanki (2002) overcomes this by directly changing boundary 
conditions at crack tip nodes. Roychowdhury and Dodds (2003) and Matos and Nowell 
(2007) replace stiff spring elements (which generally experience numerical difficulties) 
during unloading by the contact formulation between the base material and the rigid 
surface representing the plane of symmetry. 
Most of the aforementioned researchers assume elastic-perfectly-plastic or 
isotropic hardening material behaviors (e.g., bilinear or power-law hardening). 
However, engineering alloys usually exhibit the Bauschinger effect under cyclic loads. 
Many researchers try to incorporate this effect in crack closure analyses by the 
kinematic hardening model, in which the size of the yield surface is kept constant 
regardless of the effective plastic strain. Pommier (2000 and 2002) and Roychowdhury 
and Dodds (2003) show that purely kinematic hardening model would reduce slightly 
                                                                                                                     Introduction 
 8 
the crack opening load, whereas Pommier (2002) illustrates that the crack opening load 
is escalated if the material hardening increases (some materials behave as a combined 
isotropic-kinematic hardening model). Therefore, the correct kinematic hardening 
model should be used. This can be calibrated from the experiment. 
 Earlier researchers concentrate on the crack closure simulation in the plane-
stress or plane-strain condition due to limited computational resources at that time. 
The 3-D finite element analysis of fatigue crack closure is pioneered by Chermahini et 
al. (1989), and Zhang and Bowen (1998). Three-dimensional, T-stress, and overloading 
effects are extensively studied in the small-scale yielding (SSY) model by 
Roychowdhury and Dodds (2003, 2004, and 2005). They also illustrate the through-
thickness variations of the crack opening load.   
 
1.3 OBJECTIVES AND SCOPE OF STUDY 
 The objective of this thesis is to study the plasticity-induced fatigue crack 
closure (PIFCC) phenomenon in offshore steel structures through full-scale testings 
(of tubular X-joints) and small-scale testings (of compact tension, C(T), and middle 
tension, M(T), fatigue specimens).  
CHS tubular X-joints, rolled from S355 offshore structural steel, with practical 
dimensions representing the actual structures. The main and branch members are 
connected by the enhanced partial joint penetration (PJP+) welds proposed by Qian et 
al. (2009), and loaded cyclically under brace in-plane bending (IPB). Stress 
concentration factor profiles along the brace-to-chord intersection are utilized to 
locate the fatigue crack nucleation site. The fatigue crack initiation location, fatigue 
crack growth, and PIFCC behavior under nominal cyclic load and overload event are 
observed experimentally. In addition, the cycles at a particular hot-spot stress range 
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are compared to available design guidelines for the acceptability of these newly 
proposed PJP+ weld details. 
 Small-scale fatigue specimens according to ASTM E 647 (2011) are 
subsequently cut from the cracked joint to further investigate this PIFCC effect in 
offshore structural steels. The effects of PIFCC are examined for various parameters 
including the specimen thickness, T-stress, and overload effects, via compliance offset 
technique. These experimental results are confirmed through 3-D finite element 
analyses. The fatigue crack growth data from a specimen with the most appropriate 
condition is used as a representative for full-scale tubular joints under cyclic loading. 
Finite element models of tubular joints with fatigue cracks are used to determine the 
stress intensity factors and PIFCC level. With the available fatigue material properties 
from the test, the existence of PIFCC phenomenon in full-scale structures can be 
verified. The scope of this study limits to S355 offshore structural steels. 
 
1.4 CONTENTS OF THE CURRENT THESIS 
 Chapter 1 describes the background of the project, with related theories in 
chapter 2. Chapter 3 provides finite element analysis of PJP+ tubular joints, while 
chapter 4 reports their fatigue test results. Chapter 5 presents finite element analysis of 
plasticity-induced fatigue crack closure, and chapter 6 discusses experiments on 
fatigue specimens and crack closure analysis method. Chapter 7 adopts the 
information from chapter 6 and chapter 4 to estimate the fatigue crack closure level in 
fatigue-cracked tubular joint. Chapter 8 summarizes key findings in this thesis and 
discusses further investigations.  
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CHAPTER TWO 







2.1 FUNDAMENTALS OF FATIGUE 
2.1.1 Fracture mechanics 
Fatigue life of steel structures can be estimated by two main approaches. The 
first method is pioneered by Wöhler (1870) who shows that fatigue crack initiates 
from surface flaws and propagates until the structure cannot sustain that load level. 
The Wöhler’s diagram or S-N curve is developed to estimate the fatigue life 
depending on the maximum cyclic stress range as shown in Fig. 2.1. Wöhler’s 
diagram estimates the fatigue life of the structures including both the initiation and 
propagation of the fatigue crack. The second approach adopts the concept from 
fracture mechanics to explain the fatigue failure of engineering materials in details. 
Mechanisms of fatigue crack initiation, propagation, are taken into account. The latter 
provides physical explanation on the Wöhler’s diagram. In this section, some theories in 
fracture mechanics including the linear elastic fracture mechanics and the elastic-plastic 
fracture mechanics are presented prior to the mechanism of fatigue crack growth.  









1   10   102 103 104 105 106 107 108 109
Endurance limit, NR
  
Fig. 2.1: Typical S-N or Wöhler’s curve Fig. 2.2: Griffith’s problem 
 
 In general, loading on a cracked body (Fig. 2.3) may induce three possible 
modes of fracture namely, mode I or the opening mode, mode II or the in-plane shear 
mode, and mode III or the out-of-plane shear mode. Mode I occurs when the force is 
pulling the cracked body in a direction perpendicular to the crack plane, while mode 
II is caused by a couple force trying to slide the crack along the crack plane, and mode 
III is due to a couple force trying to slide the cracks in the direction parallel to the 
crack plane and parallel to the crack front. Any realistic crack in structures can be 
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2.1.1.1 Elastic crack tip stress field 
The theory for fracture mechanics is pioneered by Griffith (1921). In his work, 
he shows that the fracture stress of glass materials is approximately 100 MPa, which 
are two orders of magnitudes less than the theoretical strength based on the atomic 
bonds (about 10,000 MPa). This discrepancy shows that fracture does not depend on 
the material strength at the atomic level, but on the material imperfections or flaws, 
which is the basis of fracture mechanics. In order to verify his hypothesis, a number 
of specimens with different crack length 2a are fabricated (Fig. 2.2). The analysis 
shows that the rupture stress is inversely proportional to the square root of the crack 




σ ≈ ,       (2.1) 
where Rσ  is the rupture stress, gC  is a constant, and a  is half of the crack length. 
The constant gC  is solved by Griffith using the thermodynamic approach, to avoid 








= ,      (2.2) 
where E is the modulus of elasticity, and eγ  is the specific surface energy (to create 
new free surfaces). 
Since Griffith’s theory shows only the failure stress of brittle materials, the 
stress distribution around the crack is firstly derived by Inglis (1913), by assuming an 
elliptical hole embedded in material. However, the crack tip in engineering 
applications is mathematically sharp. Westergaard (1937) proposes the Westergaard 
semi-inverse method to solve the crack tip stress field by modifying the Inglis 
                                                                                               Theoretical considerations 
 13 
solution. The appropriate complex potential function, Φ , is selected to satisfy all 
boundary conditions of the Airy’s stress equation as follow 
4 4 4
4 2 2
4 2 2 4
( ) 2 0
x x y y
∂ Φ ∂ Φ ∂ Φ
∇ Φ = ∇ ∇ Φ = + + =
∂ ∂ ∂ ∂
,  (2.3) 
where 2∇  is the Laplacian operator, Φ  is the complex potential function, and (x, y) 
























 .  (2.4) 
 
Fig. 2.4: Notations for crack tip stress field 
 
Irwin (1957) solves the complex potential function by introducing the new 
parameter, K. The stress distribution near the crack tip is simply written as  








= ,     (2.5) 
where  K is called “stress intensity factor” (SIF), and ( , )r θ  are the polar coordinates 
of a point measured from the crack tip. Irwin (1957) shows that for all fracture modes, 
the stress intensity factor is related to the stress, square root of characteristic crack 
length, and geometry of the specimen as 




σ π =  
 
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τ π =  
 
,   (2.6b) 




τ π =  
 








 is the parameter depending on geometry and crack length. 
  
Fig. 2.5: Typical C(T) specimen Fig. 2.6: Typical M(T) specimen 
  
ASTM E 647 (2011) provides the mode I stress intensity factors for compact 
tension, C(T), and middle tension, M(T), specimens (Fig. 2.5 and 2.6). The 
expressions for the stress intensity factors depend on the load, geometry, and 
normalized crack length ratio α  as follows:  
(i) For C(T) specimen, 
   2 3 4
3/ 2
2
(0.886 4.64 13.32 14.72 5.6 )
(1 )
c






α α α α
α
+
= + − + −
−
,    (2.7a) 
where  P is the applied load, B is the thickness of specimen, W is the width of 
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= ,                (2.7b) 
where 2c a Wα = , and is valid when 0.95cα ≤ . 
Since Eqs. (2.5) and (2.6) are valid only near the crack tip, the general 
expression of the crack tip stress field in a cracked elastic solid is derived by Williams 
(1953) as 
1/ 2 1/ 2
1 2 3( , ) ( ) ( ) ( ) ...ij ij ij ijr A r f A g A r hσ θ θ θ θ
−= + + +  , (2.8) 
where 1A , 2A , 3A  are constants depending on the remote stress and the specimen 






= .      (2.9) 
The constants 2A  and 3A  depend on the loading, size, and geometry of the 
cracked body. Larsson and Carlsson (1973) analyze numerically several crack 
configurations by the finite element method. The results show that the stress near the 
crack tip is governed mainly by the first singular term (term involving 1A  or the stress 
intensity factor term), while the contribution from the other terms are negligible. The 
first non-singular term (term involving 2A ) takes into account of the stress where 
farther away from the crack tip, and parallel to the crack plane as follows: 







= + .    (2.10) 
In tensor notation, Eq. (2.10) is expressed as 






σ θ θ δ
π
= + ,    (2.11) 
where T is the elastic T-stress, and 1 jδ  is the Kronecker delta function. 
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In plane elasticity problems, it can be reduced to 
( ) ( ) 0
( ) ( ) 0 02
xx xy xx xy
yx yy yx yy
f f TK
f fr
σ τ θ θ
τ σ θ θπ
     
= +     
    
.  (2.12) 
Since T-stress depends on the applied loading and geometry, Leevers and 





= ,       (2.13) 




σ π =  
 
, the T-stress is generally written as 






   = = =   
   
   (2.14) 
 The magnitude of T-stresses in standard fracture specimens is extensively studied 
by Sherry et al. (1995), several equations are proposed for various types of fracture 
specimens.  
 (i) For C(T) specimen, 
    ( ) 2 3 41 6.063 78.987 380.46 661.7 428.45c c c c cf α α α α α= − + − + .  (2.15a) 
 (ii) For M(T) specimen, 
           ( ) 2 3 41 0.997 0.283 3.268 6.622 5.995c c c c cf α α α α α= − + − + − .     (2.15b) 
Westergaard (1937) solutions for elastic stress and displacement field near the 
crack tip for three modes of fracture expressed in terms of stress intensity factors, are 
listed in Appendix A. 
2.1.1.2 Estimation of plastic zone 
The stress intensity factor concept from linear elastic fracture mechanics 
(LEFM) described briefly in the previous section plays an important role in structural 
design against fracture. Fracture specimens are usually fabricated and tested to 
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determine the maximum load, which is convertible to the maximum stress intensity 
factor called “fracture toughness”. However, from the assumptions of material 
elasticity in section 2.1.1.1, the validity of linear elastic fracture mechanics is limited 
to materials with relatively high strength and low fracture toughness such as glasses, 
ceramics, or aluminum alloys. Most of engineering materials exhibit strong 
nonlinearity or inelastic behavior. For example, structural steels at room temperatures 
undergo a large amount of plastic deformation before fracture. The LEFM theory is 
still valid for materials with a small plastic zone compared to the size of the particular 
specimen or structure, under “small-scale yielding” (SSY) condition.  
In the case of small-scale yielding, stress distribution near the crack tip can be 
determined analytically from LEFM. For ductile materials such as structural steels, von 
Mises stress failure criterion is usually adopted. The material property is assumed to be 
elastic-perfectly-plastic, to prevent elastic singularity at the crack tip (infinite stress 
from Irwin’s solution). The size of the plastic zone (Fig. 2.7) can be determined by 
equating the von Mises stress (from linear elastic stress components) to the yield 
strength as, 
e yσ σ= ,       (2.16) 
where yσ  is the yield strength of material, eσ  is the von Mises stress, for three 
dimensions can be expressed as 
            
2 2 2
2 2 2
( ) ( ) ( )
3( )
2
xx yy xx zz yy zz
e xy xz yz
σ σ σ σ σ σ
σ τ τ τ
− + − + −
= + + +
.
        (2.17) 
 By substitution of the stress components in Appendix A, the plastic zone 
size, yr , for mode I in plane-stress and plane-strain conditions can be represented as, 











r θ θ θ
πσ
 = + +  
,                 for plane stress,   (2.18a) 
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r θ θ ν θ
πσ
 = + − +  
,       for plane strain.   (2.18b) 
The size of the plastic zone behind the crack tip can be estimated by plotting 
Eqs. (2.18a) and (2.18b) as shown in Fig. 2.7. Irwin (1960) recommends the following 
























= ,   for plane strain.  (2.19b) 
 Figure 2.8 shows the plastic zone shape along the 3-D crack front using 
Irwin’s solutions. However, the material at the crack tip could not resist the infinitely 
high stress as implied in LEFM calculation. The stress is redistributed such that the 
stressed volume is increased and leading to a larger plastic zone, which Eqs. (2.18-
2.19) underestimate. In general, the other factors including the yield strength, strain-
hardening exponent, T-stress, and thickness, strongly affect the size, shape, and 
rotation of the plastic zone. Therefore, conducting nonlinear finite element analysis 
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Fig. 2.7: Plane-stress and plane-strain 
plastic zone (ν = 0.3) 
Fig. 2.8: Idealized plastic zone shape 
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2.1.1.3 Energy release rate and J-integral 
 The energy release rate (or strain energy release rate) is the amount of energy 
dissipated during fracture per unit area of the newly created surface. This parameter is 
related to the stress intensity factors, which are the quantity describing linear elastic 
stresses near the crack tip as, 







= ,  for generalized plane stress, (2.20a) 







= , for plane strain,  (2.20b) 
















= ,      (2.22) 
where κ  is the constant for plane-stress and plane-strain conditions, µ  is the shear 








The stress intensity factor concept is not applicable to plastically deformed 
crack tips since the solution is no longer accurate. Cherepanov (1967) and Rice (1968) 
independently propose the path-independent integral, J, based on the energy principle 
to characterize the nonlinear elastic materials (Fig. 2.9). The J-integral for a cracked 
body is expressed in terms of contour integral (Fig. 2.10) as 






T ,     (2.23) 




e ij ijw d f T C
ε
σ ε= + ∆ ∆∫ .    (2.24) 
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ijσ  and ijε  are stress and strain tensors, T∆  and C∆  are changes in 
temperature and moisture concentration, iT  is the traction stress normal to the 
boundary, which is 
   i ij jσ=T n ,      (2.25) 
jn  is the unit vector normal to the boundary Γ, iu  is the displacement vector 
component, and ds is the length along the contour Γ. 
 
 
Fig. 2.9: Stress-strain curve for nonlinear 
elastic and elastic-plastic materials 
Fig. 2.10: Contour integral 
around the crack tip 
 
For linear elastic materials or small-scale yielding at the crack tip, the J-
integral is equivalent to the elastic energy release rate as 







= = ,  for plane stress, (2.26a) 







= = , for plane strain, (2.26b) 







= = ,    (2.27) 








= = .     (2.28) 
 The J-integral is an attractive parameter in fracture mechanics due to the 
following advantages. Firstly, J-integral is path independent and applicable to elastic 
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applicable to plastic materials since the flow behavior between the nonlinear elastic and 
elastic-plastic are similar (Fig. 2.9). Secondly, for linear elastic materials, the J-integral 
coincides with the energy release rate. Thirdly, it can be determined experimentally and 
related to other parameters, such as the crack tip opening displacement (CTOD).  
2.1.2 Fatigue mechanism  
Fatigue failure in metallic materials can be divided into three stages, fatigue 
crack initiation, steady-state crack propagation, and rapid crack propagation. The first 
phase is the most important and complicated phase. If the fatigue crack initiation is 
prevented, there is no fatigue failure. However, small elastic fluctuating load normally 
causes plastic deformations at microstructural levels (Fig. 2.11). The position of 
fatigue crack initiation is in the vicinity of the maximum stress, and preferably at the 
material surface where intrusion and extrusion easily occur. The exact location of 
fatigue crack is random, based on randomly distributed dislocations, randomly 
distributed inclusions, the random nature of surface roughness, etc. As the number of 
applied loading cycles increases, the grains containing these plastic deformations, or 
persistent slip bands, increase so that the direction of crack growth depends on the 
crystal geometry. Therefore, the crack growth in the first stage follows a zigzag path 







Fig. 2.11: Stage I and stage II fatigue crack 
Adapted from Suresh (1998) 
Fig. 2.12: Striations in steel  
From Callister (1994) 
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The second stage can be achieved at a higher stress intensity factor range. The 
larger plastic zone governs many grains to induce the slip bands in two alternating 
systems, causing macrocracks (about 0.1-1.0 mm). The crack growth at this stage 
depends on the level of stress intensity factors (K-dominated). Therefore, the concepts 
from linear elastic fracture mechanics can be successfully applied. In this stage, the 
ripples on the surface called “striations” are normally observed (Fig. 2.12).   
 The rapid crack propagation stage (the 3rd stage) occurs when the structure is 
unable to sustain the maximum load since the applied load creates the maximum 
stress intensity factor exceeding the fracture toughness of the material. In this stage, 
the crack grows rapidly (more than 0.01 mm/cycle). Stable tearing occurs, and 
eventually causes fatigue fracture. Figure 2.13 shows three important phases of the 
fatigue crack and related mechanisms. 
 












Fig. 2.13: Different phases of fatigue mechanism 
 
2.1.2.1 Fatigue crack initiation mechanism 
 In general, fatigue crack initiates with several factors such as crystallographic 
aspects, inclusions, surface conditions, stress gradient, and cyclic tension and shear. 
As discussed earlier that fatigue crack tends to initiate along the slip band (see Fig. 
2.14), the crystallography of the material has to be considered including the 
crystallographic plane, crystal orientation, crystal lattice, elastic anisotropy, grain size 
and shape. Non-metallic inclusions used in structural steels to improve the strength 
and ductility, especially near the free surface, also promote fatigue crack nucleation 
(see Fig. 2.15). Since the details of crystallography and inclusions require extensive 
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knowledge of material science and availability of electron microscope, they will not 






Fig. 2.14: Fatigue crack initiation  
from slip band.  
Adapted from Suresh (1998) 
















Fig. 2.16: Effect of surface roughness of Wöhler’s curve 
 
As shown in Fig. 2.11 that fatigue crack initiation is a surface phenomenon, 
and relies strongly on the surface condition. Rough surfaces promote cyclic slip 
mechanism and cause faster crack initiation than does a smooth surface. Typical 
damages on the surface are roughness (from manufacturing), scratches, or dents. In 
general, the rough surface would degrade the fatigue strength (stress at endurance 
limit in Fig. 2.16) by a surface factor, sk . Therefore, the specimen with rough surface 
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would fail prematurely, and this effect is more pronounced when testing at low 






































Fig. 2.17: Effect of surface conditions on endurance limit of steel 
































Fig. 2.18: Effect of surface roughness on endurance limit of steel 
Adapted from Johnson (1973) 
 
Karpov (1939) shows the surface factor for structural steels at various 
conditions (Fig. 2.17). In general, there is no correction factor for smooth surface 
(average surface roughness, aR < 0.25 µm), and the surface roughness effect is more 
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severe for high-strength steels. Johnson (1973) recommends surface factors based on 
the average surface roughness for design purposes (Fig. 2.18). Therefore, surface 
treatment techniques on structures such as grinding improve the fatigue crack 
initiation life significantly, which extend the total fatigue life. 
 
Table 2.1: Effect of diameter of shaft on endurance limit 






















Fig. 2.19: Stress gradient effect in  
shafts under bending 
Fig. 2.20: Stress gradient effect in 
notched specimens 
 
Fatigue is the interaction between the applied stress and flaws, i.e., fatigue 
cracks initiate with the large stress or a critical flaw size. The probability of fatigue 
failure increases with the stressed material volume. Figure 2.19 shows two shafts 
under similar maximum bending stresses at extreme fibers. Faupel and Fisher (1981) 
show that the larger shaft diameter has lower endurance limit than the thinner one (see 
Table 2.1), which leads to the lower fatigue life. This similar loaded-volume effect is 
also observed in different sizes of notched specimens. Figure 2.20 shows that at the 
equal maximum stress at the notch, the larger notch has more material under high 
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stress than the smaller notch. With the assumed similar critical flaw size, it thus leads 
to the shorter fatigue life. Therefore, Fig. 2.19 and 2.20 show that at the same 
maximum stress in structures, the lower stress gradient has a shorter fatigue life due to 

















Fig. 2.21: Stress components in  
fatigue process zone 
Fig. 2.22: Multiaxial fatigue test  
on circular shaft 
 
Fatigue failure of welded structures is also assessed by the multiaxial high-
cycle fatigue (MHCF) failure criteria due to the complicated stress field near the 
fatigue crack initiation region. In these criteria, both normal stress and shear stress 
along the slip plane (Fig. 2.21) are considered. Gough (1950) performs extensive 
multiaxial fatigue tests on shafts (Fig. 2.22) by varying the ratios of bending/torsional 
stresses. His motivation leads to simplified design method for shafts under mixed 
flexure and torsion. In addition, he observes that the multiaxial fatigue strength is well 
correlated to the maximum shear stress and the maximum principal stress criteria. The 
octahedral shear stress is generally expressed as, 
2
3oct e
τ σ= ,      (2.29) 
where eσ  is the von Mises stress. Sines (1959) reanalyzes Gough’s experimental data 
and reports that there is no conclusion whether the maximum shear stress criterion or 
the octahedral stress criterion would provide a better fit to the experimental results. 
He proposes the failure criterion as 









+ = ,     (2.30) 
where Sα  and Sβ  are constants determined from fatigue testing. hσ  is the mean 
hydrostatic stress,  
( )1
3h xx yy zz
σ σ σ σ= + + .     (2.31) 
 Findley (1959) reviews Gough’s data and suggest different failure criterion in 
terms of normal and shear stress acting on a slip plane as 
max
2 F N F
τ
α σ β
∆ + = 
 
,     (2.32) 
where Fα  and Fβ  are constants. Dang Van (1989) hypothesizes that microscopic 
shear stress is the criterion for slipping process, and the hydrostatic stress is the 
crucial parameter for fatigue cracks to open. He proposes the linear combination of 
these parameters in the failure criterion as, 
DV h DVτ α σ β+ = ,      (2.33) 
where DVα  and DVβ  are constants. The MHCF criteria proposed by Sines (1959), 
Findley (1959), and Dang Van (1989), are based on two parameters, the hydrostatic 
stress and the shear stress. Tensile hydrostatic stress initiates fatigue crack whereas 
compressive hydrostatic stress tends to close the crack and increases the fatigue life. 
The cyclic shear stress causes slipping between grain boundaries at the microscopic 
level, especially for ductile metals, and nucleates the crack. Since these two stress 
components acting on a particular fatigue process zone, these criteria are called the 
critical plane criteria or the point method. 
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2.1.2.2 Fatigue crack growth mechanism 
As discussed previously in section 1.2.1, Paris et al. (1961) show that the 
fatigue crack growth per cycle or fatigue crack growth rate depends empirically on 





= ∆ ,      (2.34) 
where  c and m are material constants ( m ≈ 3 for steel, m ≈ 3-4 for aluminum), and 
K∆  is the applied stress intensity factor range (Fig. 2.23) as  
max minK K K∆ = −       for  0R > ,    (2.35a) 
where R is the load ratio = min max/K K . For alternating tensile-compressive loading 
which has a negative load ratio, the applied stress intensity factor range is, 















∆Kth ∆Kc  
Fig. 2.23: Constant-amplitude loading Fig. 2.24: Fatigue crack growth rate 
 
At high load levels, the maximum stress intensity factor reaches the critical level, 
cK , which accelerates the crack growth (stage III in Figure 2.24) and stable tearing 
occurs. Forman (1967) proposes the more complicated relationship to describe both 
stage II and stage III fatigue crack propagations, 







dN R K K
∆
=
− ∆ − ∆
.     (2.36) 
For low load levels, Donahue (1972) includes the threshold stress intensity 





= ∆ − ∆ .     (2.37) 
Klesnil and Lucas (1972) show that the threshold stress intensity factor range is  
 (0)(1 )th thK R K
ξ∆ = − ∆ ,     (2.38) 
where subscript (0) implies the value at R = 0, and ξ  is a material constant. The 
generalized fatigue crack propagation law, which can calculate a wide-range of 
fatigue crack growth rate (stage I, II, and III in Fig. 2.24), is developed by Erdogan 
and Ratwani (1970) as, 
  









+ ∆ − ∆
=
− + ∆
,    (2.39) 
where c, 1m , and 2m  are empirical constants. The level of the mean stress is also 










.      (2.40) 
Priddle (1976) proposes a simpler model for the fatigue crack propagation 








 ∆ − ∆
=  ∆ − 
.     (2.41) 
The fatigue life of structures in terms of cycles to failure, from the original 
crack length or flaw size 0a , to a specified crack length a, can be obtained by 
integrating the fatigue crack growth rate function as, 










= ∫ .      (2.42) 











∆∫ .      (2.43) 
2.1.2.3 Plasticity-induced fatigue crack closure 
Elber (1970) carries out the fatigue test on the aluminum alloy 2024-T3 M(T) 
plate specimens, and discovers that fatigue crack under pure tensile cyclic loading  
(R ≥ 0) is closed by itself during unloading. In some cases, half of the maximum load 
is required to open the crack again. This contradicts the LEFM theory which dictates 
that the crack opening displacement must be positive for tensile loading (see 
Appendix A). He proposes that only the maximum stress intensity factor and crack-
opening stress intensity factor contribute to the actual crack extension in the Paris law. 
Eq. (2.34) is modified to,  
  ( ) ( )m meff
da
c U K c K
dN
= ∆ = ∆ .    (2.44) 
 The effective stress intensity factor is expressed as 
  maxeff opK K K∆ = − ,       (2.45) 
where opK  is the stress intensity factor when the crack becomes fully opens. Elber 
(1970) defines the level of crack closure, U, as 
  max
max min






,     (2.45) 
and correlates his experimental results with various load ratio, R, as  
  0.5 0.4U R= + ,  where 0.1 0.7R− ≤ ≤ . (2.46a) 
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Schijve (1981) extends Elber (1970) equation to include the compressive load as, 
  20.55 0.33 0.12U R R= + +  where 1.0 0.54R− < < . (2.46b) 
This mechanism is not understood until Wheeler (1972) suggests that the 
plastic wake field in the fatigue crack propagation direction caused by cyclic loads 
tends to close the crack. During loading, a large portion of the material is subjected to 
monotonic plastic deformation, whereas during unloading and then reloading, only a 
small portion of the material near the crack tip is under reversed plasticity. When the 
fatigue crack propagates into this reversed plasticity zone called the plastic wake 
region, during unloading, the crack closes prematurely. During reloading, the material 
is subjected to reversed plasticity and requires certain loads to reopen the crack. 
Therefore, during this period, the crack is close and deters fatigue crack growth by 
this plasticity-induced fatigue crack closure (PIFCC) phenomenon as shown in Fig. 
2.25. Section 1.2.3 describes that the finite element analysis (FEA) that is usually 
deployed to estimate the amount of this PIFCC, by means of the normalized crack 
opening load, maxopK K . This FEA of PIFCC by using node-release technique is 
discussed in section 5.1.  
For full-scale structures, the effect of PIFCC can be estimated by comparing 
the calculated fatigue crack growth from Eq. (2.42) with various values of maxopK K . 
This method is also applicable to small-scale fatigue specimens such as C(T) or M(T) 
specimens. ASTM E 647 (2011) provides an alternative experimental method called 
the “compliance offset method” to obtain the normalized crack opening load, 
maxopK K . The details of this method are discussed in section 6.2.  
Recent researches show that there are several mechanisms assisting the fatigue 
crack closure including the oxide-induced fatigue crack closure, viscous-fluid induced 
fatigue crack closure, roughness-induced fatigue crack closure, etc. However, these 
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are beyond the scope of this study and will not be covered. These fatigue crack 
closure phenomena, especially plasticity-induced fatigue crack closure, are beneficial 













crack growth curve 
Kop/Kmax = 0
N





Fig. 2.25: Fatigue crack closure Fig. 2.26: Fatigue crack growth curve 
 
2.1.3 Material properties under cyclic loading 
The structures are normally designed such that they remain elastic at service 
loads. However, the stress at notches or initial imperfections might exceed the yield 
strength due to stress concentration effects. Local yielding becomes more crucial 
when the structures are subjected to repeated loadings. Materials might respond 
differently from the designed intention since the flow behavior is a function of both 
the incremental and cumulative plastic strains. Furthermore, mechanical properties of 
the material may also change as the number of loading cycles increase. In this section, 
cyclic stress-strain curves and constitutive equations for cyclic plasticity will be 
discussed.  
2.1.3.1 Cyclic stress-strain behavior 
Mechanical behavior of materials may vary drastically under repeated 
loadings. Cyclic stress-strain curves may be different from the monotonic stress-strain 
curves, depending on the metal forming and the heat treatment process (quenched, 
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annealed, or tempered). As depicted in Fig. 2.27, under cyclic loading, the material 
behavior might be 1) cyclically hardened, 2) cyclically softened, 3) cyclically stable, 
or 4) complex behavior depending on the strain range. 
    
(a) Cyclically hardened (b) Cyclically softened (c) Cyclically stable (d) Complex behavior 
Fig. 2.27: Typical stress-strain curves under cyclic loading 
 
Landgraf et al. (1969) show that various materials (aluminum, steel, titanium, 
and waspaloy in Fig. 2.28) exhibit different cyclic behaviors. Figure 2.29 shows that 
quenched tempered SAE 4142 steel is cyclically hardened for high Brinell hardness 
number whereas cyclically softened for low Brinell hardness number.  
Hardening or softening of materials subjected to repeated loadings is related to 
the dislocation in the material. The material behaves cyclically hardened in soft 
materials since the initial dislocation density changes from low to high due to the 
cyclic plastic straining. In contrast, the material is softened in hard materials since the 
cyclic loading leads to rearrangement of dislocations, and reduces the load resistance. 
Manson (1964) shows that the material displays either cyclically hardening or 
cyclically softening behavior depending on the ratio of the monotonic ultimate tensile 
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Fig. 2.29: Effects of hardness on cyclic stress-strain curves 
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2.1.3.2 Kinematic hardening model 
Isotropic hardening model is successfully used to model the plastic 
deformation of materials under monotonic loading. However, the major shortcoming 
of the isotropic hardening model is that the expanding yield surface of isotropic 
hardening leads to excessive elastic region during the unloading and the Bauschinger 
(1881) effect is not preserved.   
Figure 2.30 illustrates the various states of stress and yield surfaces of a rod 
specimen with isotropic hardening under reversed loading. Figure 2.30a displays the 
virgin yielding state under the first tensile loading. Additional tensile load causes the 
material to harden with the expansion of the yield surface as shown in Fig. 2.30b. 
Upon reversal to a compressive loading (Fig. 2.30c), the material behaves elastically 
till the state of stress reaches the expanded yield surface. The material becomes 
compressively hardened (Fig. 2.30d) with any further increase of the compressive 
stress. For isotropic hardening, the elastic unloading stress range depends on the size 
of the expanded yield surface, which is 2 2h yσ σ> , violating the Bauschinger effect 
which requires that the elastic unloading stress range be 2 yσ  for structural steels. 
Contrary to isotropic hardening, the kinematic hardening model requires the 
translation of the yield surface without altering the size of the surface. In Fig. 2.31b, 
the yield surface shifts up from that of Fig. 2.31a while the material is hardened. 
Reverse loading induces the elastic behavior until reaching the compressive yielding 
(Fig. 2.31c). Once, the compressive yield strength is reached, the material begins to 
harden and reverse translation of the yield surface is observed. Figure 2.31d illustrates 
that the Bauschinger effect is observed.  
The von Mises yield function for isotropic hardening materials is mathematically 
expressed in terms of double contractions of the deviatoric stress tensor ′σ  as, 







f σ σ σ ′ ′= − = − 
 





′ = − Ισ σ σ .      (2.49) 
The yield criterion depends on the sign of  f, which is, 
  0f <  for elastic deformation,   (2.50a) 
  0f =  for plastic deformation.   (2.50b) 
Since kinematic hardening is introduced by the translation of the yield surface, 
the yield function in Eq. (2.48) is modified to 
1/ 2
3
( ) : ( )
2e y y
f σ σ σ ′ ′ ′ ′= − = − 
 
x xσ − σ − ,  (2.51) 
where ′x  is the deviatoric part of the backstress tensor, x , which indicates the 
movement of the yield surface in the stress space. The incremental backstress tensor 




pd Cd dpγ= −x xε ,     (2.52) 
where C and γ are material properties. The effective plastic strain, p, is expressed as, 
  p pdt= ∫ ɺ ,       (2.53) 








 =  
 
ε εɺ ɺɺ .      (2.54) 
Under uniaxial monotonic loading, the incremental effective plastic strain 
equals to the incremental plastic strain. Equation (2.52) becomes, 








= − .      (2.55b) 
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The flow rule is derived under uniaxial monotonic loading. The differential 
equation Eq. (2.55b) is solved with the imposed initial condition 
0
0pxε = = . For linear 
kinematic hardening, 0γ = , the backstress is, 
  px Cε= .       (2.56a) 





−= − .      (2.56b) 
For simple uniaxial tensile loading, the stress after yielding is,  
  y xσ σ= + .       (2.57) 
 
Fig. 2.32: Flow rule of linear and nonlinear kinematic hardening 
 
 Figure 2.32 shows the uniaxial stress-strain relationship under monotonic 
loading using the linear and nonlinear kinematic hardening models. In general, some 
materials exhibit both kinematic hardening and isotropic hardening. In a particular 
cycle, kinematic hardening dominates so that Bauschinger effect can be represented. 
However, over large numbers of cycles, the yield surface also expands. The evolution 
of yield strength (Fig. 2.33) from the initial yield strength ,0yσ  depends on the 
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  ,0 (1 )
bp
y y Q eσ σ
−= + − ,     (2.58) 
where Q is the maximum increase in yield strength, and b is the rate hardening 

















Fig. 2.33: Effect of Q value Fig. 2.34: Effect of b value 
 
2.2 FATIGUE STRENGTH OF WELDED TUBULAR JOINTS 
Fatigue life of offshore structures can be estimated based on the stress 
concentration factor (SCF) and hot-spot stress concepts using the S-N curve (Fig. 2.1). 
The hot-spot stress is the structural stress (resulting from membrane and bending 
stresses) in the structure calculated at the hot-spot location (usually at weld toe for 
tubular joints), regardless of the notch effect. The stress concentration factor can be 






=  ,      (2.59) 
where  hsσ  is the hot-spot stress, and nomσ  is the nominal stress. Stress concentration 
factors of tubular joints are proposed by various researchers based on both finite 
element solutions and experimental results. Parametric equations are normally given 
at four positions on the joint including CC (chord crown), BC (brace crown), CS 
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(chord saddle), and BS (brace saddle). A typical geometry of the X-joint is shown in 




















τ = ,       (2.60d) 
  θ  = angle between chord and brace (less than 180o) , (2.60e) 
 
 where 0l  is the length of chord, 
  0d , 1d  are the diameters of chord and brace, respectively, 
  0t , 1t  are the wall thicknesses of chord and brace, respectively. 
 










Fig. 2.35: Typical geometry of tubular X-joint 
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2.2.1 Design guidelines for stress concentration factors 
As the current research involves only the X-joint subjected to the brace in-
plane bending, SCF values for this type of joint under brace in-plane bending are 
included. Stress concentration factors for other loading conditions may also be found 
in Efthymiou (1988), Chang and Dover (1996), and Lloyd’s Register (1997).  
2.2.1.1 Efthymiou formulae 
 Efthymiou (1988) utilizes the finite element method to study the stress 
concentration factors in tubular joints. Sixteen-node shell elements are used to model 
the shell thickness and 8-node shell elements are used to model the weld profile. The 
SCFs are calculated based on the maximum principal stress at a certain region away 
from the weld toe and linearly extrapolated to the weld toe. Efthymiou (1988) 
proposes parametric equations for in-plane bending as 
  0.85 1 0.68 0.71.45 sinCCSCF
ββτ γ θ−= ,    (2.61a) 
  0.4 1.09 0.77 0.06 1.161 0.65 sinBCSCF
β γβτ γ θ− −= +  ,  (2.61b) 
  negligibleCSSCF =  ,     (2.61c) 
  negligibleBSSCF = .      (2.61d) 
 The equations are valid in the following regions: 
4 40α≤ ≤ , 
0.2 1.0β≤ ≤ , 
8 32γ≤ ≤ , 
0.2 1.0τ≤ ≤ , 
20 90o oθ≤ ≤ . 
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2.2.1.2 Chang and Dover formulae 
 Chang and Dover (1996) propose the parametric equations for stress 
concentration factors of X-joints based on finite element solutions. Eight-node 
quadrilateral shell elements with reduced integration and six-node triangular shell 
elements are employed. Material with the Young’s modulus of 207 GPa and a 
Poisson’s ratio of 0.3 are used to reflect the properties of structural steel. Weld profile 
is not included in their study. Similar to those adopted by Efthymiou (1988), the stress 
concentration factors are calculated from the maximum principal stress at a distance 
from the weld toe, and linearly extrapolated back to the weld toe. The SCF formulae 
for brace in-plane bending are as follows: 
  0.0228 0.502 0.893 1.371.2399 sinCCSCF β γ τ θ
−= − ,   (2.62a) 
0.258 / 0.129 0.206 / 0.825 0.239 / 1.01 0.818 1.85sin 3.3641.6791 sinBCSCF e
θ θ θ β τ θβ γ τ θ+ − − − −= − , (2.62b) 
  negligibleCSSCF = ,      (2.62c) 
  negligibleBSSCF = .      (2.62d) 
 The parametric equations are valid when 
6 40α≤ ≤ , 
0.2 0.8β≤ ≤ , 
7.6 32γ≤ ≤ , 
0.2 1.0τ≤ ≤ , 
35 90o oθ≤ ≤ . 
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2.2.1.3 Lloyd’s Register formulae 
 Lloyd’s Register (1997) proposes the stress concentration factor equations 
based on experimental results of steel and acrylic joints. For in-plane bending, the 
SCF equations are 
   
0.50.5 0.8 5 0.51.23 (1 0.32 )sinCCSCF
βγ τ β β θ
−
= − ,  (2.63a) 
  0.8 1.51.12 1.12 (0.32 0.25 )sinBCSCF γτ β β θ= + − ,  (2.63b) 
  negligibleCSSCF = ,      (2.63c) 
  negligibleBSSCF = .      (2.63d) 
The applicable range is  
4α ≥ , 
0.13 1.0β≤ ≤ , 
10 35γ≤ ≤ , 
0.25 1.0τ≤ ≤ , 
30 90o oθ≤ ≤ . 
2.2.2 Stress concentration factors by finite element method 
In certain joint geometries and combined loading conditions, the hot-spot 
stress value and location are hardly available. The maximum SCF can be determined 
via the SCF profile constructed from finite element analyses. Earlier researchers as 
described in section 2.2.1 utilize either thin or thick shell elements. However, the 
shell elements do not yield an accurate stress distribution, especially near the weld toe, 
where the maximum stress occurs (IIW, 2007). Modeling of the weld profile with 
solid elements is more complicated and time-consuming, but ensuring more accurate 
stress results than using shell elements.  
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For the joint subjected to both the axial and bending loads, the nominal stress 




σ = + .      (2.64) 
Since the fatigue crack usually lies along the weld line (due to high stress 
concentration and imperfection in welding), the stress normal to the weld line, 
suggested by Wingerde et al. (1995), which is considered as the fatigue crack opening 
stress, is adopted in this study. The analytical approach for the determination of stress 
perpendicular to the weld line (named as the primary stress), is described below. 
Firstly, let the line AB joining point A and point B be perpendicular to the weld as 
shown in Fig. 2.36. The unit vector normal to the weld can be determined as 
  2 1 2 1 2 1 ˆˆ ˆ
a
x x y y z z




− − − = = + + 
  

,   (2.65) 
where L is the length between points A(x1, y1, z1) and B(x2, y2, z2), given by 










Distance from weld toe




Fig. 2.36: Vector normal to the weld Fig. 2.37: SCF by FE analysis 
 
 
The stress perpendicular to the weld line can be found by dot product between 
the stress tensor and normal vector as 
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  TNσ = n nσ ,       (2.67) 












σ .     (2.68) 
 International Institute of Welding (IIW, 2007) recommends that the structural 
hot-spot stress is determined by either the linear or quadratic extrapolation of primary 
stresses at points between 0.4t to 1.4t measured from the weld toe (t is the thickness of 
chord or brace) up to the weld toe (Fig. 2.37). The schematic diagram for obtaining 
SCF using the finite element method is shown in Fig. 2.38. 
 
Determining vector normal to the weld profile
Obtaining stress tensors of points within 
0.4t to 1.4t measured from the weld toe
Resolve stress tensor to the direction 
normal to the weld profile
Linearly or quadratically extrapolated 
primary stress back to the weld toe
Dividing the extrapolated stress by nominal stress to get SCF 
 
Fig. 2.38: Schematic diagram for determining SCF by finite element method 
 
2.2.3 Stress concentration factors by experiment 
 Section 2.2.1.3 shows that Lloyd’s Register engineers utilize the steel and 
acrylic material to measure stress concentration factors of tubular joints. In fact, any 
material can be used if the steel strain gradient near the brace-to-chord intersection 
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occurs under linear elastic conditions. Several electrical resistance strain gauges are 
mounted along the brace-to-chord intersection, near the weld toe, to determine the 
hot-spot location and measure the stress concentration factors. These SCFs can be 
based on either the maximum principal stress or primary stress depending on the type 
of strain gauges. Rosette gauges are used to measure the maximum principal stress 
whereas strip gauges (array of linear strain gauges in Fig. 2.39) allow the 
measurement of strain distribution from the weld toe. Once all the strain gauges are 
mounted, the small quasi-static load (the maximum stress in structure is still elastic) is 
applied to the tubular joints for several times to remove the residual stress in strain 
gauges. The SCFs can be measured accurately when the load-strain response for all 
strain gauges during loading/unloading are linear. 
 For each location, the strain components at a certain distance from the weld 
toe are acquired and extrapolated back to the weld toe as shown in Fig. 2.40, called 






= ,      (2.69) 
where nomε , is the nominal strain, which is the nominal stress in Eq. (2.64) divided by 











,   (2.70) 
which includes the stress biaxiality effect (the stress component parallel to the weld 
toe). However, if only the strip gauges are used on structural steel tubular joints, 
ARSEM (1987) shows that Eq. (2.70) can be closely approximated as 
1.15SCF SNCF= × .     (2.71) 
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Fig. 2.39: Positions of strain gauges Fig. 2.40: Extrapolation of strains 
 
2.2.4 Crack depth measurement by alternating current potential drop 
 Electrical methods are commonly used for non-destructive testing. For 
example, ASTM E 647 (2011) recommends the non-visual alternative method to 
measure fatigue crack depth called the direct current potential drop (DCPD) method. 
The use of the alternating current potential drop (ACPD) instead of the direct current 
becomes more widely adopted because of its well-known electromagnetic property 
called the skin effect. The alternating current prefers to travel only along the skin of 
material (free surface) and leads to a better estimation of surface-breaking crack depth 
measurement than the direct current. Figure 2.41 shows the crack depth measurement 
by the ACPD technique. The alternating current source is applied over the crack area 
to generate a uniform electric field. The probes are used to measure either the cross-
crack voltage or the reference voltage, which can be computed from, 
  ( )10 2cV a= ℵ + ,      (2.72a) 
  ( )10rV = ℵ ,       (2.72b) 
where ℵ  is the electric field and a is the crack depth. After solving Eq. (2.72a) and 
Eq. (2.72b) simultaneously, the crack depth is 
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.      (2.73) 
 For the uncracked situation (a = 0), Eq. (2.73) provides that c rV V= . However, 
this condition is usually violated due to the surface roughness or inaccurate spacings 
between the measuring probes. The unequal values of the cross-crack and reference 
voltages are denoted as ciV  and riV , respectively, and the initial crack depth is  








.      (2.74) 
When the fatigue crack nucleates, the normalized crack depth by these initial 
unequal voltages are found by subtracting Eq. (2.73) by Eq. (2.74), leads to 








,      (2.75) 
which is the normalized function used in LIMOS software of TSC ACPD Microgauge 
Test Kit (Fig. 2.42). Using this ACPD measuring probes for various locations along 
brace-side or chord-side of the weld toe enables detection of fatigue crack initiation, 











Fig. 2.41: ACPD fundamentals 
 
 
Fig. 2.42: ACPD test kit 
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2.2.5 Estimation of fatigue life 
 High-cycle fatigue tests are usually conducted at different stress levels, which 
are much lower than the ultimate strength of material so that the plasticity effect is 
minimized. For each typical fatigue test, the cycles at failure refer to the accumulated 
cycles required to completely separate the specimen at a controlled stress level. With 
different stress levels, both the applied stress and cycles are plotted in logarithmic 
scales called the S-N curve (Fig. 2.1). Basquin (1910) shows that the fatigue test 
results can be simplified into linear relationship in bi-logarithmic diagram as  
  ( )kN constσ∆ = , or     (2.76a) 
  ( ) ( )log log logN k constσ+ ∆ = ,    (2.76b) 
where σ∆  is the stress range (unit of MPa in this thesis) and k is the constant. When 
the stress range is known, the fatigue failure can be assessed. International Institute of 
Welding (IIW, 2007) and Eurocode 3 (EN 1993-1-9:2005) offer fatigue assessment 
method based on the nominal stress range applied on the structures for various fatigue 
classes, FAT. For structural steels, the FAT class is defined as the fatigue strength (in 
MPa) at 2 million cycles using k = 3.0. The Basquin’s equation (2.76) is modified to, 
 ( )knomN constσ∆ = .     (2.77) 
 Table 2.2 shows Basquin’s constant for two fatigue classes, FAT71 for full 
penetration weld and FAT50 for partial penetration weld or fillet weld. Figure 2.43 
shows typical S-N curves based on these constants. 
 
Table 2.2: Basquin’s constants for nominal stress approach 
Design guideline k const Valid for N 
 IIW FAT71 3.00 7.1582×1011 104~107 
 IIW FAT50 3.00 2.5000×1011 104~107 
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Fig. 2.43: Design S-N curves based on nominal stress range 
 
The fatigue life of CHS tubular structures are also assessed by using this 
stress-life approach. However, the stress range is commonly expressed as the 
structural hot-spot stress range, hsσ∆ , which is the product between the nominal stress 
range and SCFs of any method in section 2.2.1. Eq. (2.76a) is modified to 
 ( )khsN constσ∆ = ,      (2.78) 
where N is defined as the number of cycles when the fatigue crack propagates through 
the thickness of the brace or chord. Various design guidelines recommend different 
Basquin’s constants with different factors of safety, materials, and test conditions.  
Since fatigue test results are usually scattered (as the fatigue crack initiation 
period depends on several factors as mentioned in section 2.1.2.1), each design code 
processes its fatigue test result database and provides the Basquin’s constants lower 
than the mean test results by twice the standard deviation (S.D.). This is a reasonable 
basis for the design purpose. At a particular hot-spot stress range, the log-normal 
                                                                                               Theoretical considerations 
 52 
distribution assumption ensures that 97.7% of the fatigue life calculated from this 
basis does not have the through-thickness fatigue crack depth. 
Table 2.3 shows the constants of Basquin’s equation of several design 
guidelines and their validity range, using the hot-spot stress range unit of MPa. For 
example, American Petroleum Institute (API RP 2A-WSD, 2002) provides S-N curves 
for both as-welded (X’X’) and controlled weld profile (XX), API RP 2A-WSD (2007) 
substitutes both API RP 2A-WSD (2002) curves with much less conservative curve and 
gives clearer definition of the member thickness effect, Det Norske Veritas (DNV-RP-
C203, 2010) gives the different S-N curves for tubular joints in air and sea water with 
cathodic protection, and Comité International pour le Développement et l’Etude de la 
Construction Tubulaire (CIDECT 8, 2001) supplies continuous function to include the 
joint thickness. Figure 2.44 compares these design S-N curves for tubular joints. 
 
Table 2.3: Basquin’s constants for hot-spot stress approach 
Design guideline k const Valid for N 
 API controlled weld detail (XX) 4.3800 1.1509×1015 5×103~2×108 
 API uncontrolled weld detail (X’X’) 3.7400 2.5012×1013 5×103~2×108 
 API (2007) thickness = 12.5 mm 3.0000 3.0200×1012 104~107 
 API (2007) thickness = 25.0 mm 3.0000 2.1482×1012 104~107 
 DNV in air 3.0000 1.4588×1012 104~2×107 
 DNV in seawater 3.0000 5.8076×1011 104~107 
 CIDECT thickness = 12.5 mm 3.0590 5.2662×1012 103~5×106 
 CIDECT thickness = 25.0 mm 2.8989 1.1361×1012 103~5×106 
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Fig. 2.44: Design S-N curves for CHS tubular joints 
 
 The hot-spot stress approach is the engineering approach to exclude the effect 
of weld profile, which varies greatly among different welders, by extrapolation of 
stress components back to the weld toe location to compute the structural stress. 
However, fatigue crack nucleation usually occurs at the weld toe, caused by the peak 
stress at the notch. Similarly, the notch stress might be used to estimate the fatigue life 
in Basquin’s equation as, 
  ( )knotchN constσ∆ = .     (2.79) 
This method requires accurate weld profile modeling to compute the notch 
stress. International Institute of Welding (IIW, 2007) recommends using the FAT225 
curve and Det Norske Veritas (DNV-RP-C203, 2010) suggests using this method 
when the others are not appropriate. Table 2.4 lists the Basquin’s constants for these 
design guidelines, and Fig. 2.45 elucidates their agreement. 
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Table 2.4: Basquin’s constants for notch stress approach 
Design guideline k const Valid for N 
 IIW FAT225 3.0000 2.2781×1013 N.A. 
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Fig. 2.45: Design S-N curves based on notch stress range 
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CHAPTER THREE 
CHAPTER 3: FINITE ELEMENT ANALYSIS OF  
X-JOINTS WITH ENHANCED PARTIAL  





3.1.1 Enhanced Partial Joint Penetration (PJP+) welds 
 Complete joint penetration (CJP) welding is a typical method to connect 
hollow structural sections (HSS), especially in offshore jacket structures. The CJP 
welding requires groove cut and weld metal to extend completely through the 
thickness of a branch member (Fig. 3.1a). As a result, skilled welders, accurate edge 
preparation, and strict quality control, are necessary.  
 




Fig. 3.1: Comparisons of CJP, PJP, and PJP+ welding 
 
         Finite element analysis of X-joints with enhanced partial joint penetration welds 
 56 
The partial joint penetration (PJP) welding truncates through-thickness 
requirements of weld metals by allowing the groove to cut partially through the 
thickness (Fig. 3.1b), or requesting only fillet welds for acute local dihedral angles. 
However, this ungrooved portion is unwelded, leading to a lower load transmission 
capacity. The lack of penetration (LOP) of weld beads between the main and branch 
members (unwelded ligament) is also speculated as an initial defect. Fatigue tests on 
small-scale cruciform joints welded by partial penetration welds or fillet welds 
confirm that fatigue cracks nucleate from this region (Fig. 3.2). Welding quality and 
skilled welders are also the additional concerns. Figure 3.3 shows the unfavorable PJP 












Fig. 3.2: Typical fatigue root crack 
Adapted from Kainuma and Kim (2005) 
Fig. 3.3: PJP welding section 
Adapted from Marshall and Qian (2011) 
 
Although partial joint penetration welds are susceptible to fatigue cracks at the 
weld root or inadequate welding quality, this type of weld is more advantageous in 
terms of the cost and less certified welders compared to the complete joint penetration 
welds. Figure 3.4 shows that the fatigue crack might not be initiated from the LOP 
region if the welding is profiled properly. Qian et al. (2009) propose the Enhanced 
Partial Joint Penetration (PJP+) weld details (Fig. 3.1c) to improve the traditional 
PJP weld details for tubular connections in AWS D1.1 (2008) by providing strict weld 
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root size, sufficient weld deposit, and reduced notch angle the at the weld toe (by 
welding profile with duller angle or notch-reducing fillet). In addition, for acute local 
dihedral angles, the PJP+ weld details allow a part of the branch member to properly 
flush with the main member before welding, which serves as a backing plate during 
welding. Consequently, higher weld quality is achieved with less non-destructive 
testing (NDT) requirement compared to the CJP welding. Figure 3.5 illustrates the 
definitions of the groove angle, weld toes on brace and chord sides, weld root, and 

















Fig. 3.4: Typical weld toe cracks 
Adapted from Marshall and Qian (2011) 
Fig. 3.5: Geometry of PJP+ welding 
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Root face 3 mm for t >  18 mm
Root face t/6 for 6 mm ≤ t ≤ 18 mm
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t
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Fig. 3.6: Enhanced partial joint penetration weld details 
Adapted from Qian et al. (2009) 
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3.1.2 Details of PJP+ X-joint specimens with PJP+ welds 
 A joint industrial project (JIP) has been established in NUS since 2009 to 
experimentally investigate the fatigue performance of this newly proposed PJP+ 
welding, with generous supports from P.T. McDermott, Nippon Steel Corporation 
(NSC), and American Bureau of Shipping (ABS). The proposed circular hollow section 
(CHS) X-joint specimens (Fig. 3.7), namely J1, share the typical dimensions commonly 
adopted in the offshore industry. Horizontal braces are made of S355 structural steels, 
with the outer diameter equals to 406.4 mm and the wall thickness 12.5 mm. The chord 
is made from S355 steel plate with the length of 1750.0 mm and thickness of 25.0 mm, 
to form a circular hollow section with the outer diameter equals to 750.0 mm. The brace 
member intersects the chord at a 60o angle to accommodate a wide range of PJP+ weld 
details along the brace-to-chord intersection. The non-dimensional geometric parameters 
of the CHS X-joint specimens follow 4.67α = , 0.54β = , 15.0γ = , 0.50τ = , and 
60oθ = . The load is applied through a reusable fixture to simulate brace in-plane bending 
(IPB) in this joint. Diaphragm plates are fillet-welded to both ends of braces to prevent 
excessive local deformation due to highly concentrated reactions at the supports.  
ρ
ρ = angle from brace crown  







406.4 mm OD 
12.5 mm THK
PJP+ WELD
750.0 mm OD 











Fig. 3.7: Proposed tubular X-joint J1 with PJP+ welding 
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3.2 FINITE ELEMENT MODELS 
 The stress concentration factors along the brace-to-chord intersection are 
computed from elastic finite element analyses (section 2.2.2). According to Romejin 
(1994), 20-node brick elements with reduced integration are used throughout this study 
because 1) the mesh is structured and the weld can be included, 2) the curve or 
deformed shape can be represented accurately from the quadratic shape functions, 3) the 
stress is accurate, and 4) the solution is better for bending mode. There are at least two 
elements across the thickness of the braces and the chord. Fine elements with structured 
meshes perpendicular to the weld toe (for stress extrapolation) are used along the brace-
to-chord intersection. The half-symmetric FE model as shown in Fig. 3.8 contains 60 
elements along the brace-to-chord intersection. Four control points are used in the half 
model, at ρ = 0o, 60o, 120o, and 180o. Each point has an accurate weld profile (Fig. 3.6) 
corresponding to its local dihedral angle (see Appendix B). The weld profiles between 
these control points are geometrically interpolated with an acceptable level of accuracy.   
 
Structured mesh for SCFs calculation, 











Fig. 3.8: A typical FE model for the tubular X-joint J1  





















Fig. 3.9: Boundary conditions of FE model J1 
 
The Young’s modulus of 205 GPa and a Poisson’s ratio of 0.3 are assumed to 
represent the S355 structural steels and weld material. At both ends of the braces, semi-
circular diaphragm plates with a thickness of 12.5 mm are included to facilitate the 
numerical modeling of the boundary conditions. Pin and roller are simulated by 
constraining the corresponding displacement components of the nodes at the middle of 
the semi-circular plates (see Fig. 3.9). High Young’s modulus, 1000E, is introduced in 
these semi-circular plates to prevent excessive distortion due to highly concentrated 
loads at these supporting nodes. The vertical point load is applied at the mid-span of 
the joint through the chord. The load is calculated such that the nominal stress is equal 
to one. The free-body diagram of this joint (Fig. 3.10) provides the nominal stress as   
1
1




σ = = .    (3.1) 




P = .       (3.2) 
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P/2 P/2  
Fig. 3.10: Nominal stress calculation 
 
Equation (2.59) shows that if the nominal stress is unity, the extrapolated 
primary stress (section 2.2.2) equals the stress concentration factor. The SCF are 
computed at every 3o along the brace-to-chord intersection including the left-side of 
brace (BL), the left-side of chord (CL), the right-side of brace (BR), and the right-side 
of chord (CR), in order to plot the SCF profile. The maximum SCF value among these 
locations is used to locate the fatigue crack initiation site and the total fatigue life.  
 
3.3 FINITE ELEMENT RESULTS 
3.3.1 Mesh refinement studies 
 Finite element modeling with a refined mesh provides more accurate solutions 
than a coarse mesh. However, the computing time and resources for nonlinear 
analyses are exponentially demanding. This section compares different mesh 
refinement levels to strike the balance between the required accuracy and the limited 
computational resources. The study involves three levels of mesh refinements with 
varying mesh densities over the thickness and extrapolation region along the brace-to-
chord intersection. The number of nodes and elements for these FE models are shown 
in Table 3.1. 
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Table 3.1: Number of nodes and elements for J1 
Model Nodes Elements Mesh in weld region 
Refine1 
2 elements over the thickness,  




2 elements over the thickness,  




4 elements over the thickness,  





 In this thesis, the nodal stress components from 0.4t to 1.4t measured from the 
weld toe (IIW, 2007) are used to calculate the primary stress (stress perpendicular to 
the weld). These primary stresses are linearly extrapolated back to the weld toe to 
determine the structural hot-spot stress. Since the nominal stress is predefined as 1.0, 
the extrapolated stress is thus equal to the stress concentration factor. Abaqus C++ 
Scripting enables us to post-process the stress components at thousands of nodes. 
Figure 3.11 displays the SCF values along the expected highly-stressed weld toe 
regions, BL, CL, BR, and CR.  
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The top region of the brace-to-chord intersection (ρ < 75o) has negative SCFs 
whereas the bottom region (ρ > 105o) has positive SCFs, caused by the in-plane 
bending condition. However, for this configuration, the maximum tensile stress and 
compressive stress do not occur at the extreme fibers of the brace, which is due to the 
interaction between the two braces and short slanted chord. 
Figure 3.11 (BL, CL, BR, and CR) shows slight differences among the finest 
and coarsest meshes in this study. The mesh Refine1 (with two elements over the 
thickness and element size of 0.2t in the extrapolation region) shows a SCF value with 
0.70% lower than that computed from the mesh Refine2 (with two elements over the 
thickness and element size of 0.1t in the extrapolation region). The discrepancy in the 
SCF values between Refine2 and Refine3 meshes becomes less. Figure 3.12 presents 
the SCF values from ρ = 120o to 150o profiles of different meshes at the maximum 
location of this joint, on the left-brace-side of the weld (BL). Table 3.2 lists the 
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Fig. 3.12: SCF comparisons of different mesh refinements 
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Table 3.2: Maximum SCF for J1 
Location SCF ρ 
BL 2.86 132o-135o 
CL 2.05 126o-129o 
BR 1.88 144o-147o 
CR 1.87 144o-150o 
 
 
3.3.2 Effects of enhanced partial joint penetration welds 
 Section 3.3.1 shows that the stress concentration factors obtained from FE 
analyses converge if the element size in the extrapolation region is 0.1t. In this section, 
the effect of lack of penetration (LOP) region in PJP+ weld details is studied by using 
the FE model with two elements over the thickness and size of 0.1t in the 
extrapolation region. The effect of unwelded region is studied against the complete 
joint penetration welds employing similar weld geometries (Fig. 3.13), by simply 
merging the nodes on both faces of the PJP+ gap. Figure 3.14 shows that the SCF 
profiles for PJP+ welding is less than 4.00% higher than the CJP welding, especially 
on the left brace where the maximum SCF occurs. Figure 3.15 depicts a mild 
difference in the maximum principal stress near the weld root. However, the stress 
distribution near the weld root requires further investigation since the weld root 
represents a crack-like defect. This effect will be studied and compared to available 
experimental results in section 4.6.3, Chapter 4. 
For CJP model, 




Fig. 3.13: Difference between PJP+ and CJP FE models 
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CJP welding PJP+ welding
 
Fig. 3.15: Maximum principal stress contour of PJP+ and CJP FE models 
 
3.3.3 Effects of fixture loading 
Finite element models in the previous sections are loaded at the mid-span of 
the joint by a concentrated load. This point load requires modification of material 
properties near the loading region to be much stiffer than the chord material, to 
prevent excessive local distortion of elements. In this section, the results on SCFs 
using a simplified point load are compared to the values obtained from the actual 
experiment, where the load is transferred from the actuator to the joint via a loading 
fixture. The reusable loading fixture is fabricated by P.T. McDermott with several 
thick plates welded together by complete joint penetration welds. This strong design 
of the fixture allows it to be reused for several tests since no or negligible plastic 
deformation occurs at the ultimate load of these PJP+ tubular joint specimens. 
Circular plug, with a smaller diameter than the inner diameter of the chord, enables 
the plug to be snugly fitted inside the chord. Figure 3.16(c) shows the FE model of 
this reusable fixture, the material properties of S355 structural steel, with E = 205 GPa, 
and ν = 0.3 are assumed.  
The FE model of fixture is assembled to the PJP+ CHS X-joint model with four 
elements over the thickness and an element size of 0.1t in the extrapolation region. The 
point load in Eq. (3.2) is converted to uniform pressure acting on the top of the fixture. 
The load is further transferred to the joint via the contact pressure, mainly at the outer 
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surface of the chord due to its large contact area. Figures 3.16(a) and 3.16(b) compare 
the maximum principal stress contours of the joint loaded by a point load and that by a 
pressure on a fixture. The effect of loading fixture is amplified in the SCF profiles (Fig. 
3.17), especially in the top region of the brace-to-chord intersection (ρ < 90o). Obvious 
discrepancy is found in the left side of the chord under the loading fixture, but it is 
negligible since the SCF is less compressive and does not contribute to the fatigue crack 
initiation. In general, the SCFs computed from the FE model with a reusable fixture is 
approximately 4.00% less than that computed from a point load. Figure 3.18 depicts the 
blow-up of the maximum SCFs at BL135, where the fixture load yields less than 2.14% 
difference in the SCF values. Since the point load yields slightly more conservative 
SCFs and requires less computational resources, further FE analyses employ only the 











Fig. 3.16: FE models of J1 loaded via a reusable fixture 
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Fig. 3.18: Maximum SCF profiles of point load and fixture load 
3.3.4 Effects of extrapolation methods 
 SCF values near the hot-spots of welded components are often computed from 
an extrapolation technique. In this method, the stress components over a certain 
distance (e.g., 0.4t to 1.4t for IIW, 2007) from the weld toe are used to compute the hot-
spot stress, which is the extrapolated stress to the weld toe. The aim of this concept is to 
eliminate the notch effect by the weld profile, which might vary among different 
welders. To extrapolate the stress, either linear or quadratic regressions are adopted 
depending on the nonlinearity in the stress field near the weld. 
 The effect of regression type on SCFs is studied by using FE model Refine3 
mesh (see Table 3.1). Figure 3.19 shows that SCF profiles from quadratic extrapolation 
are relatively higher than those from the linear extrapolation for all weld toes, although 
the maximum SCF at BL135 from both methods yield similar values. Coefficients of 
determination, R2, (see Yan and Su, 2009) for each SCF calculation point in Fig. 3.20 
reveal that the quadratic regression provides a marginally better fit (R2 ≈ 0.9995) for this 
J1 joint than the linear regression (R2 ≈ 0.9950), implying that the stress distribution is 
mildly nonlinear. For each profile, the R2 is not longer accurate when the SCF value 
approaches zero (residual sum of squares and total sum of squares total zero). 
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Although the quadratic regression gives a better stress correlation, this method 
is unfavorable for experimental measurement of SCFs. For instance, if the strain 
gauge reading nearer to the weld toe (e.g., at 0.4t from the weld toe) is less than those 
farther locations, the higher coefficient of determination from quadratic regression 
might miscalculate the SCF as depicted in Fig. 3.21. This method might overestimate 
the SCF of small defects (leads to higher stress) located underneath the strain gauge at 
0.4t from the weld toe. However, the linear extrapolation still provides less error 
compared to the quadratic extrapolation. In addition, since the maximum SCFs at 
BL135 from both methods are not different, only the linear extrapolation is used in 
this study, for both FEA and experimental results. 
 
Primary strain





Four elements over the 
















Fig. 3.21: Effect of extrapolation 
methods on experimental SCF 
Fig. 3.22: Locations of notch at brace 
and chord weld toes 
 
Many fatigue design S-N curves are proposed based on the structural hot-spot 
stress, which excludes the effect of local variation in the weld profile. However, the 
fatigue crack nucleates naturally from the weld toe, where the high probability of 
local defects is observed along with rough weld surface. Since the weld details in FE 
model is controlled to be PJP+ welds, the effect of weld profile is also studied by 
computing the notch stress concentration factor (NSCF). Figure 3.22 shows that the 
NSCF is calculated by using the node on the weld toe to calculate the primary stress, 
which is the stress perpendicular to the weld line. 
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Table 3.3: Maximum SCFs at the weld toes 
Location Method SCF ρ 
Linear extrapolation 2.86 132o-135o 
Quadratic extrapolation 2.86 135o BL 
Notch 3.56 138o 
Linear extrapolation 2.05 126o-129o 
Quadratic extrapolation 2.17 126o CL 
Notch 2.93 126o 
Linear extrapolation 1.88 144o-147o 
Quadratic extrapolation 1.94 147o-153o BR 
Notch 2.25 147o-162o 
Linear extrapolation 1.87 144o-150o 
Quadratic extrapolation 2.01 147o-150o CR 
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Fig. 3.23: Ratio of NSCF to SCF 
 
Figure 3.19 shows that the notch stress, which refers to the actual stress at the 
weld toe in FE model, is generally larger than the SCF calculated from either the 
quadratic extrapolation or the linear extrapolation. The maximum NSCF location 
coincides with the maximum SCF location. The maximum SCFs and NSCFs and their 
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locations for all weld profiles are listed in Table 3.3. Figure 3.23 shows the ratio of 
the notch stress concentration factor over the linearly extrapolated stress concentration 
factor for all weld toe profiles, BL, CL, BR, and CR. At ρ = 126o-138o, where the 
maximum SCF occurs for BL and CL occurs, the NSCF/SCF on the left side of the 
chord is 1.42 whereas on the left brace is 1.22. This higher sensitivity to the notch for 
the left side of the chord, combining with the local weld imperfections, may cause the 
notch stress to be comparable with the stress on the left brace.  
3.3.5 Effects from fabrication tolerance 
 Figure 3.24 shows the typical CHS X-joint specimen J1 in P.T. McDermott 
fabrication yard. Strict quality control and inspections ensure that the diameters and 
lengths of the braces and the chord conform to the supplied drawing in Fig. 3.7. The 
left and right braces are co-planar and both ends are leveled. However, small 
fabrication error is found in the delivered specimen, two braces are not co-axial at the 
brace-to-chord intersection. The right brace tilted upward by 19.0 mm (called 
misalignment type A) as shown in Fig. 3.25(a), which is more than the specified 
tolerance of 6.0 mm. Figure 3.25(b) shows another possibility of misalignment, type 
B, by flipping the joint specimen 180o in the front view. A new FE model for J1 with 
misalignment type A is generated to determine the SCFs as shown in Fig 3.26(a). A 
similar FE model is utilized to compute SCF for misalignment type B by simply 
rotating the nodes and elements 180o as exhibited in Fig. 3.26(b). Figures 3.27 and 
3.28 compare the effect of brace eccentricity on SCF and NSCF, respectively. 
 





Fig. 3.24: As-built PJP+ welded joints in fabrication yard 
 
 For J1 with misalignment type A, the SCFs on the left brace and those on the 
right-side of the chord are slightly less than the precise FE model J1. However, for the 
right side where the brace eccentricity is noted, the compressive SCF value on the 
right brace reduces significantly whereas the tensile SCF increases slightly. The right 
brace eccentricity affects insignificantly the values of SCF on the right-side of the 
chord (2.14% at CR135). 
For J1 with misalignment type B, the eccentric left brace affects substantially 
the maximum value of SCF, especially in the region ρ = 123o-168o, as displayed in 
Fig. 3.27(BL). The eccentricity reduces the maximum value of SCF from 2.82 (of 
type A) to 2.62, and the location moves to ρ = 120o. However, the values of SCF on 
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the left-side of the chord, the right brace, and the right-side of chord are affected 
significantly. The effects of fabrication errors on NSCF for both misalignment types 
show similar patterns as that of the SCF. Table 3.4 lists the maximum values of SCFs 
and NSCFs on all weld toes for J1 with misalignment type A, J1 with misalignment 





(tilted up by 19 mm towards the chord)




(tilted down by 19 mm towards the chord)
(b) Misalignment type B
 
Fig. 3.25: Misalignment patterns for J1 
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Structured mesh for SCFs calculation, 







ψ = 120o(a) Misalignment type A
Structured mesh for SCFs calculation, 














Fig. 3.26: FE model of J1 including fabrication error 
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Table 3.4: Maximum values of SCFs and NSCFs for brace-crooked J1 
Model Location SCF ρ NSCF ρ 
BL 2.82 135o 3.51 138o 
CL 2.01 126o-129o 2.88 123o-126o 
BR 2.02 144o-150o 2.49 150o-153o 
J1 
(type A) 
CR 1.91 147o 2.71 147o 
BL 2.62 120o 3.20 120o 
CL 2.08 126o 2.98 123o 
BR 1.87 144o-150o 2.24 147o-165o 
J1 
(type B) 
CR 1.87 147o-150o 2.66 147o 
BL 2.86 135o 3.56 138o 
CL 2.07 126o-129o 2.93 126o 
BR 1.88 144o-147o 2.25 147o-162o 
J1 
(precise) 
CR 1.87 144o-150o 2.66 147o 
 
3.4 ESTIMATED FATIGUE LIFE OF PJP+ WELDED X-JOINTS 
3.4.1 Proposed fatigue test of PJP+ welded X-joints 
 In this thesis, we have carried out the fatigue tests of three PJP+ welded CHS 
X-joint specimens to study the effect of stress range and post-weld treatment on 
fatigue life. Each specimen undergoes two fatigue tests. When the fatigue crack in the 
first fatigue test penetrates to 80% of the chord wall thickness, the joint is flipped 180o 
in the front view to continue the fatigue test on another side. All specimens share the 
same geometries, namely J1-1 (after flipping: J1-1F), J1X-1 (after flipping: J1X-1F), 
and J1-2 (after flipping: J1-2F). In fact, the same eccentricity between the two braces 
is observed in all PJP+ tubular joint specimens. For J1-1, J1X-1F, and J1-2 have the 
misalignment of type A as shown in Fig. 3.25(a) whereas J1-1F, J1X-1, and J1-2F 
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have the misalignment of type B as displayed in Fig. 3.25(b). Table 3.5 lists details of 
the proposed fatigue test. 
 
Table 3.5: Tubular joint specimens and applied load 
Specimen Type Details Applied load range 
J1-1 A As-welded 235 kN – 25 kN 
J1-1F B Flipped J1-1 235 kN – 25 kN 
J1X-1 B Controlled weld profile 235 kN – 25 kN 
J1X-1F A Flipped J1X-1, burr ground 235 kN – 25 kN 
J1-2 A As-welded 180 kN – 20 kN 
J1-2F B Flipped J1-2 180 kN – 20 kN 
 
 The maximum load applied to the first joint specimen (J1-1) is designed such 
that the first yield starts at the hot-spot location (SCF = 2.82 at BL135). The 
corresponding maximum hot-spot stress for the maximum load of 235 kN is 395.57 
MPa (compared to nominal yield strength 355 MPa for S355 structural steel). The 
minimum load under cyclic loads is held at approximately 10% of the maximum load 
for safety reasons. Thus, 25 kN is chosen (R = 0.11). Equation (3.1) shows that the 
nominal stress range from this applied load range is 125.35 MPa. There are four 
configurations to be tested at this load range, with different weld profile treatments.  
 For the joint J1-2, the applied load range is set at approximately 75% of the 
applied load for the first two joints, which allows the test results to be compared with 
the available S-N curves (section 2.2.5). The maximum load of 180 kN and minimum 
load of 20 kN (R = 0.11) is selected, leading to a nominal stress range of 95.50 MPa.  
3.4.2 Estimated fatigue life of PJP+ welded X-joints 
  According to these details, fatigue life of these PJP+ tubular joints as discussed 
in section 2.2.5 are estimated. For the nominal stress range approach published in IIW 
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(2007) or Eurocode 3 (2005), FAT71 is recommended for full penetration welds and 
FAT50 is suggested for either partial penetration welds or fillet welds. Table 3.6 shows 
the fatigue life to separate the sections completely are calculated. The performance of 
PJP+ joint is expected to be better than normal partial joint penetration welds or fillet 
welds (FAT50), but has inferior performance than that of the complete joint penetration 
welds (FAT71). The numbers of loading cycles are expected to be between both fatigue 
classes, 126,931-363,439 cycles for 210 kN load range and 287,032-821,854 cycles for 
160 kN load range. Since these computed numbers of cycles are derived from the 
nominal stress approach, the results may not be accurate for tubular joints. 
 
Table 3.6: Fatigue life approximation based on nominal stress approach 
Design guideline Load range Fatigue life (cycles) 
210 kN 363,439 
FAT71 
160 kN 821,854 
210 kN 126,931 
FAT50 
160 kN 287,032 
 
The practical hot-spot stress approach for various design guidelines including, 
API RP 2A (21st ed. Revised: 2002), API RP 2A (21st ed. Revised: 2007), DNV-RP-
C203 (2010), and CIDECT (2001), are calculated and shown in Table 3.7. All the 
design codes provide the Basquin’s constants only for the complete joint penetration 
welds, which might overestimate the fatigue life for this study. API RP 2A (2002) 
distinguishes the effect of controlled (curve XX) and uncontrolled weld detail (curve 
X’X’) in the fatigue life calculation. The latest update of this edition in 2009 ceases 
the distinction of the weld profile but introduces a much less conservative S-N curve, 
which is closer to the other design guidelines as previously illustrated in Fig. 2.44. 
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At the lower applied load range of 160 kN, 25% reduction in the applied load 
range leads to significant increases in the total fatigue life. For example, the joint with 
the misalignment type A in API (2007) has the computed fatigue life of 154,614 
cycles (compared to 68,373 cycles for 210 kN load range). The other guidelines 
generally allow fatigue life extension by 2.26-3.29 times. 
 
Table 3.7: Fatigue life approximation based on hot-spot stress approach 
Fatigue life (cycles) Design 
guideline 
Load 
range Type BL CL BR CR 
A 7,928 34,934 34,183 43,684 
210 kN 
B 10,942 30,070 47,927 47,927 




B 36,013 98,969 157,743 157,743 
A 7,366 26,135 25,654 31,630 
210 kN 
B 9,699 22,994 34,236 34,236 




B 26,822 63,590 94,679 94,679 
A 68,373 134,312 186,029 156,531 
210 kN 
B 85,257 121,203 234,482 166,793 
A 154,614 303,722 420,671 353,968 
API (2007) 
160 kN 
B 192,794 274,078 530,239 377,172 
A 33,028 91,209 89,861 106,298 
210 kN 
B 41,183 82,307 113,267 113,267 
A 74,687 206,254 203,206 240,375 
DNV (2010) 
160 kN 
B 93,129 186,123 256,133 256,133 
A 84,322 124,254 233,984 144,065 
210 kN 
B 105,601 112,515 296,276 153,180 




B 242,664 247,531 680,816 336,992 
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Table 3.8: Fatigue life approximation based on notch stress approach 
Fatigue life (cycles) Design 
guideline 
Load 
range Type BL CL BR CR 
A 267,475 484,203 749,215 581,161 
210 kN 
B 352,984 437,075 1,029,107 614,553 
A 604,848 1,094,939 1,694,218 1,314,194 
FAT225 
160 kN 
B 798,211 988,368 2,327,145 1,389,705 
A 267,730 484,665 749,930 581,116 
210 kN 
B 353,321 437,492 1,030,089 615,140 




B 798,973 989,312 2,329,366 1,391,031 
 
Table 3.8 shows the alternative fatigue life estimation by the notch stress 
range approach, in which the notch stress range is from the product of NSCF and 
applied nominal stress range. IIW (2007) recommends using FAT225, which gives 
slightly less fatigue life than that estimated by the DNV code (2010). The results 
tabulated in Table 3.8 show that this method allows the fatigue life for the joint with 
misalignment of type A and at 210 kN load range, up to 267,475 for IIW FAT 225 
and 267,730 cycles for DNV. 
Tables 3.6-3.8 unveil that the calculated fatigue life varies greatly depending 
on the methods and/or the design guidelines adopted in the assessment. For instance, 
for the first joint to be tested J1-1, which has misalignment type A and 210 kN load 
range, the hot-spot stress approach in API (2002) curve X’X’ gives the fatigue life at 
only 7,366 cycles whereas the nominal stress approach IIW FAT71 allows up to 
363,439 cycles (49.34 times compared to API (2002) curve X’X’). Therefore, fatigue 
performance of the proposed PJP+ weld details has to be confirmed via a series of 
experiments to be reported in the next chapter. 
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CHAPTER FOUR 
CHAPTER 4: FATIGUE TESTING OF X-JOINTS  





4.1 OVERVIEW OF TESTING PROGRAM 
The main objective of this chapter is to examine the fatigue performance of 
this newly proposed PJP+ weld details, through a series of fatigue tests of CHS X-
joint specimens welded by PJP+ weld details (as previously mentioned in Chapter 3). 
Three X-joints, namely J1, sharing similar drawing (Fig. 3.7) are tested, with different 
loading amplitudes and post-weld surface treatments. This chapter summarizes all the 
test results and some additional FE analyses. 
 The first joint J1 is installed on the 2000 kN test rig (Fig. 4.1a). The end of the 
left brace sits on a pin support (Fig. 4.1b), while the end of right brace is supported on 
a roller (Fig. 4.1c). Figure 4.1d shows the modified brace as earlier elaborated in 
section 3.1.2. The 12.5 mm thick circular plates are fillet-welded on both braces to 
avoid local flattening due to support reaction forces. The loading fixture is also topped 
up by five trapezoidal plates (40.0 mm thick each), with the total mass of 250 kg, in 
order to accommodate travel length of the actuator for loading (Fig. 4.1e).  
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(a) Specimen J1-1 on 2000 kN test rig
(b) Pin support (c) Roller support
(d) Strengthened brace ends (e) Modified reusable fixture
 
Fig. 4.1: Final setup of CHS X-joint in NUS Structural Laboratory 
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Before the test of each joint, diameters and thicknesses of braces and chord are 
measured. All of them conform to the supplied drawings, except that at the brace-to-
chord intersection, the misalignments between the left and the right braces are 
observed in all specimens (although both left and right ends are leveled). There are 
two possible types of brace eccentricity, type A and type B shown earlier in Fig. 3.25. 
The misalignment pattern for each joint is listed in Table 3.5.  
Applied load
600.0 mm
1. Grid lines are drawn from the angle 
measured from brace crown
2. Strip gauges are mounted exactly 
perpendicular, and 0.4t, from the weld toe 
(t = thickness of brace and chord) 


































Fig. 4.2: Schematic diagram for strain gauges and transducers 
 
Figure 4.2 shows typical instrumentations for all tests. Linear strain gauges are 
mounted on the braces at 600.0 mm from the supports, at every 90o along the brace 
circumference, to verify the applied load by comparing strain reading and bending 
strain calculated from the applied load. The strip gauges are mounted along the brace-
to-chord intersection, to measure the SCFs. Linear variable differential transformer 
(LVDT) displacement transducers are placed in-plane and out-of-plane, front and 
back, to monitor joint deformations at various locations and movement of the supports. 
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The ACPD fixed probes (section 2.2.4) are soldered to 0.8 mm diameter copper wires 
and spot-welded to the expected crack regions to monitor fatigue cracks. 
After all the sensors are installed, monotonic loads are applied on the joint to 
measure the SCFs. Shifting of ACPD fixed probes are sometimes required to capture 
the possible fatigue crack initiation site. The cyclic load is thereafter applied batch-
by-batch at constant frequency until the deepest fatigue crack in the joint (monitored 
by ACPD fixed probes) reaches approximately 80% of the wall thickness. To fully 
utilize the specimen, the joint is flipped (denotes as ~F) 180o in the front view to carry 
on SCFs measurement followed by the fatigue test.  
The specimen is subsequently further loaded until ultimate failure, to 
determine the ultimate strength of fatigue-cracked joint (beyond the scope of this 
study). The sections along the brace-to-chord intersection are later sliced by band saw 
followed by etching to investigate fatigue cracks and weld profiles visually. Coupon 
specimens are cut from the failed specimen to determine monotonic and cyclic stress-
strain curves. Specimens are also prepared from the failed pipe material for both 
tensile and fatigue tests to establish the mechanical properties of materials for further 
numerical analyses.  
The experimental procedure investigates 1) SCFs and NSCFs along the weld 
toe, 2) fatigue crack initiation and propagation on PJP+ welded CHS X-joints, 3) the 
effect of loading amplitude, 4) the effect of tensile residual stress on the fatigue life, 5) 
the effect of controlled weld profile on the fatigue life, 6) the effect of weld toe 
grinding on the fatigue life, and 7) fatigue crack at the weld root. In this chapter, some 
additional FE models need to be analyzed to verify the experimental investigation. 
The correlation between the experimental fatigue crack growth rate and FEA requires 
fatigue properties of materials in Chapter 6, and will be elaborated in Chapter 8.   
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4.2 FATIGUE TESTING OF J1-1 
4.2.1 SCFs measurement 
 Previous finite element analyses of J1-1, with misalignment type A, shows that 
the maximum SCF occurs on the left brace. Therefore, strip gauges (Fig.4.3), which 
comprise 5 small strain gauges (2.0 mm spacing each) are mounted to verify these 
numerical SCF results. In each set of strip gauges, the middle of the first strain gauge is 
positioned at 0.4t away from the weld toe, as adopted in earlier FE analyses and IIW 
(2007) recommendations. The positions in J1-1 include BL135, BL165, BL180, CL135, 
CL165, CL180, BR135, CR135, BR180 and CR180 (as illustrated in Fig. 4.2). Before 
SCF measurement, several monotonic load (shakedown) cycles are applied to remove 
residual strains in strain gauges. The applied load history is shown in Fig. 4.4. Figures 
4.5a and 4.5b display examples of the measured strain distribution from the weld toe at 
BL135 and CL135, respectively. The array of these observed values of strains have 
been regressed linearly with good correlation (R2 value is close to unity). The values of 
stress concentration factor are computed following the procedures elaborated in section 
2.2.3. The SCF values at various locations from the test are tabulated in Table 4.1. The 
comparison of experimental SCF values agree well with those of FE solutions based on 
the misalignment type A as shown in Fig. 4.6. Both experiments and FE analyses concur 
that the hot-spot location of this joint is on the left brace, at BL135 (front) or BL225 (rear). 
 
Table 4.1: Measured SCF values for J1-1 
Location BL CL BR CR 
135o 2.36 1.96 1.62 1.55 
165o 1.77 1.19   
180o 1.70 0.81 1.21 1.47 
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Fig. 4.3: Typical strip gauge for  
SCFs measurement 
Fig. 4.4: Applied load for SCFs 
measurement of J1-1 
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Fig. 4.5: Strain distributions for J1-1 at BL135 and CL135 
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4.2.2 Fatigue test results 
In the first fatigue test, the sinusoidal cyclic load in Table 3.5 is applied at a 
frequency of 0.5 Hz and 7,500 cycles per batch. At the end of each batch, the fatigue 
crack is observed by visual inspection and ACPD instrument. The ACPD fixed probes are 
heavily mounted on the hot-spot location of this joint, left brace and in the front-side of 
the joint. However, an unexpected fatigue crack is found on the chord at 203,255 cycles. 
Figure 4.7a shows that at the maximum load of 235 kN, only small crack mouth opening 
is found at CL240-CL245. The fatigue crack length, 2c, is 275 mm and spreads over a 
wide range from CL210 to CL270, which is on the left-side of the chord, at the back of 
the joint, and slightly below the middle fiber (see the dye penetrant test in Fig. 4.7b).  
This fatigue-cracked region covers the maximum SCF location on the left-side 
of the chord, CL231-CL234. However, the largest value of SCF in this region is still 
much lower than those obtained from the experimental measurement or FE results on 
the left-side of the brace, BL135 or BL270. The location of fatigue crack initiation is 
suspected to be at CL242 where the local weld defect is apparent. Neither obvious plastic 
deformation after fatigue failure (Fig 4.8) nor changes in the joint stiffness (load divided 










Fig. 4.7: Fatigue crack of J1-1 at 235 kN 
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Fig. 4.9: Time-history of J1-1 stiffness 
 
As the available ACPD fixed probes are insufficient to cover the entire brace-to-
chord intersection, the fatigue crack growth data is missing. The manual probe is used to 
obtain the crack depth after the fatigue failure, besides the relocation of the fixed probes 
to the fatigue-cracked site (Fig. 4.10). The fatigue crack profiles from both instruments 
are similar, with the maximum crack depth of 19.7-21.0 mm at location CL250. 
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Fig. 4.11: Fatigue crack profile of J1-1 (CL rear crack) 
 
The number of cycles at fatigue crack initiation remains unknown since there 
is no instrument at that location. The closest strip gauge to this fatigue crack initiation 
site is rather far from the crack, at BL225, with the first gauge at 26.0 mm from the 
brace toe. Attempts to predict the fatigue crack initiation from this strain gauge are 
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This strain range ratio enables the detection of the fatigue crack initiation 
during cyclic loading by tracking the change in the ratio of the near-crack strain range 
and the remote strain range. The strain gauge at the bottom fiber of the brace, S3, 
represents the remote strain gauge. Figure 4.12 shows that the strain ratio from the 
nearest strain gauge to the crack starts to decrease at 80,000 cycles. The fatigue crack 
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Fig. 4.13: Comparison of J1-1 to API design S-N curves 
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Figure 4.13 compares the number of cycles corresponding to the crack initiation 
and that at the crack depth of 20.0 mm. The hot-spot cyclic stress range is observed 
from the experiment at the deepest fatigue crack location at CL250, which is assumed 
to be the fatigue crack initiation site. The SCF value is 1.66 and the calculated hot-
spot cyclic stress range is 208 MPa. The test results reveal that the fatigue crack 
initiates at the cycles close to those stipulated by the API RP 2A (2002) curve XX and 
X’X’. At the end of the test, the number of cycles exceeds the estimation using these 
two curves by 2.52 and 3.80 times, respectively. However, this number of cycles is 
still less than the number of permissible cycles in API RP 2A (2007) of 238,443 
cycles. If the fatigue crack in J1-1 penetrates through the chord thickness, it might 
exceed the allowable number of cycles in API RP 2A (2007) at through-thickness 
condition of CJP welds.  
4.3 FATIGUE TESTING OF J1-1F 
4.3.1 SCFs measurement and stress directions 
 The failure of acquiring fatigue crack growth data leads to more rigorous 
fatigue testing and instrumentations of J1-1F. In this test, strip gauges are still heavily 
mounted along the left-side of the brace-to-chord intersection, with additional positions 
at the back of the joint. These positions are BL120, BL135, BL165, BL180, BL240, 
CL120, CL135, CL165, CL180, BR135, CR135, BR180, and CR180, to determine 
the SCF at the hot-spot locations and to detect the fatigue crack initiation. Similar to 
the previous test, shakedown cycles are applied prior to the SCF measurement at the 
load level of 235 kN. Table 4.2 confirms that the hot-spot location is still in the brace, 
with the maximum SCF of 2.54 and 2.56 at BL120 and BL240, respectively. Figure 
4.14 compares the measured SCF with FE results with the misalignment type B.  
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Table 4.2: Measured SCF values for J1-1F 
Location BL CL BR CR 
0o -1.38 -1.80   
120o 2.54 1.71   
135o 2.38 1.79 1.70 1.77 
165o 1.36 1.27   
180o 1.59 0.88 1.56 1.44 
240o 2.56 1.82   
 
4.3.2 Fatigue test results 
In this test, the ACPD fixed probes are also initially mounted on the brace and 
the chord before applying sinusoidal cyclic loads at 0.5 Hz, with 7,500 cycles per 
batch. At the end of each batch, fatigue cracking is monitored by several methods 
including eye inspection, strain gauge readings, dye penetrant, and ACPD monitoring. 
Early crack initiation is recognized by the decrease in the measured strain values at 
CL240, at 25,518 cycles. The surface crack, with the length of 2c = 25.0 mm, is 
observed at CL235-CL240. The ACPD fixed probes are relocated to this region in 
order to detect further crack advancement. The second fatigue crack initiates at 77,760 
cycles below the first crack, at CL230-CL232.5. The first and the second cracks are 
later joined to form the CL rear crack. Then, the third crack (BL front crack) appears 
at 81,500 cycles, on the weld adjacent to the left brace at BL132-BL132.5. At 105,614 
cycles, the fourth fatigue crack (BL rear crack) arises near the first crack, but on the 
left brace, at BL225-BL240. The fifth crack (CR front crack) emerges at 123,386 
cycles, on the right-side of the chord, at CR110-CR145. Figure 4.15(a-d) shows dye 
penetrant test for all cracks at the end of the test, 158,500 cycles, when the depth of 
the deepest fatigue crack in the chord reaches 20.0 mm. The fatigue crack growth 
profiles for all cracks are depicted in Figs. 4.16-4.19.  







Fig. 4.15: Fatigue cracks of J1-1F after fatigue failure 
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Fig. 4.16: Fatigue crack growth profile of J1-1F (CL rear crack) 
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Angle from brace crown, ρ  (deg)

















Local dihedral angle, ψ  (deg)
















122500, 130000, 133300, 136000,
139000, 142000, 143000, 144000,
146000, 148000, 150000, 152000,
154000, 156000, 158500 cycles
SCF
NSCF





















Fig. 4.17: Fatigue crack growth profile of J1-1F (BL front crack) 
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Fig. 4.18: Fatigue crack growth profile of J1-1F (BL rear crack) 
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Angle from brace crown, ρ  (deg)
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Fig. 4.19: Fatigue crack growth profile of J1-1F (CR front crack) 
 
Figure 4.20 shows fatigue crack growth curves of the deepest crack locations for 
the cracks observed in this joint. Once the fatigue crack initiates, it would propagate 
steadily with almost constant fatigue crack growth rate. Figure 4.21 compares this test 
result with API design S-N curve. The cycles at the first point in each crack correspond 
to the cycles at fatigue crack initiation whereas the cycles at the last point are at the end 
of the test, 158,500 cycles. For the deepest crack, CL242.5, the data points in Fig. 4.21 
correspond to the crack depth of 0.25, 5.0, 10.0, 15.0, and 19.75, respectively. The most 
cycles elapse when the crack is shallow, from 0.25 to 5.0 mm, after that, the crack 
grows steadily as illustrated in Fig. 4.20. Similar to the previous test (J1-1), the cycles 
when fatigue crack nucleates is slightly beyond API RP 2A (2002) curve XX and X’X’ 
and the cycles at the end of the test is close to API RP 2A (2007). The fatigue life of 
this joint exceeds the estimation by the API design S-N curves although it is initially 
subjected to previous compressive cycles. However, at the same crack depth of 20.0 
mm as J1-1, the fatigue life for J1-1F is shorter than that of J1-1. This is because the 
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maximum load from J1-1 causes the weld toe above the neutral plane compressively 
yielded. Hence, the tensile residual stress is generated (during loading, for compatible 
deformation). The combination of tensile residual stress with hot-spot stress results in 
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Fig. 4.21: Comparison of J1-1F to API design S-N curves 
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4.4 INSPECTIONS OF JOINT J1-1F AFTER FAILURE 
4.4.1 Further investigation on fatigue crack initiation 
 Fatigue test results from J1-1 and J1-1F show that the first fatigue crack 
always initiates on the chord, instead of at the maximum SCF location on the brace. In 
this section, the stress at the notch will be used as a representative for each weld toe. 
Since the fatigue crack initiates from the slipping of the material due to cyclic shear 
stress [Cottrell-Hull mechanism proposed by Cottrell and Hull (1957)], as discussed 
earlier in Fig. 2.11, the maximum shear stress profiles (normalized with the nominal 
stress) at the notches from FEA are computed and plotted in Fig. 4.22 and 4.23 for 
misalignment type A (J1-1) and misalignment type B (J1-1F), respectively. Both 
figures show that the maximum shear stress on the tension-side of the joint for the left 
brace is still generally higher than that for the left-side of the chord. For misalignment 
type B, near the fatigue crack initiation point of J1-1F (CL242.5), the normalized 
maximum shear stresses in the left brace and left-side of the chord are relatively equal. 
 As Dang Van (1989) points out that the mean hydrostatic stress plays an 
important role on the fatigue crack initiation as well as the maximum shear stress, this 
study assumes DVα  in Eq. (2.33) to be 0.3 for typical structural steels. Figures 4.24 
and 4.25 plot the argument in Eq. (2.33) normalized by the nominal stress for tubular 
joint J1 with both misalignment types. The obtained results are in a similar pattern as 
the normalized maximum shear stresses, where the values on the left brace are higher 
than those of the left-side of the chord. The maximum shear stress and Dang Van 
fatigue crack initiation criterion are not able to locate precisely the correct fatigue 
crack initiation site as observed in the fatigue testings of J1-1 and J1-1F.  
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Fig. 4.24: Dang Van fatigue failure parameter profiles at notch (type A) 
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Fig. 4.25: Dang Van fatigue failure parameter profiles at notch (type B) 
 
 The through-thickness primary stress distributions at the chord toe and the 
brace toe are plotted in Fig. 4.26-4.29, for ρ = 120o and 135o, where the numerical 
SCF is the maximum or the fatigue crack is observed experimentally. At the outer 
surface, the stress at that location is similar to the notch stress concentration factor. 
Although the notch stresses on the left brace are generally higher than those on the 
left-side of the chord at these locations, both FE models (misalignment types A and B) 
unveil that the chord has a less stress gradient over the wall thickness compared to 
that in the brace. This might cause the fatigue crack on the left-side of the chord to 
initiate earlier than that on the left brace, since a larger volume of material in the 
chord experience tensile stresses, as discussed in section 2.1.2.1.  
Fatigue of welded steels is not easy to predict accurately since the fatigue 
crack may nucleate from several random factors such as surface roughness, inclusions, 
cavities, and weld undercuts. These imperfections usually raise the local stress near 
the weld toe, and cause the notch stress on the chord-side to be higher than the brace-
side easily (although the FEA results show lower notch stresses).  The stress nearest 
to the brace-to-weld and chord-to-weld intersections will be measured experimentally 
in addition to the hot-spot stress in the subsequent tests.  
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4.4.2 Visual inspection of weld profile and fatigue cracks 
 After the deepest fatigue crack depth in J1-1F measured by the ACPD reaches 
approximately 80% of the chord wall thickness, the joint is further monotonically 
loaded to obtain the ultimate strength. The brittle failure occurs on the left brace by 
partial separations of the member, commencing from the bottom fiber to the middle 
fiber of the brace. The ultimate strength test reveals clearly the fatigue crack on the 
left brace with the dark grey surfaces of the fatigue cracks whereas the inner lighter 
cracked surfaces of the brace section indicate the sudden brittle fracture at the 
ultimate load.  
 
(a) BL front (b) BL rear
 
Fig. 4.30: Fatigue crack on the brace of J1-1F after ultimate failure 
 
(a) Left sections (b) Right sections
 
Fig. 4.31: Band saw sections of J1-1F  
 


















































Fig. 4.33: Comparison of actual weld profile and FE model (ρ = 60o) 
 


















































Fig. 4.35: Comparison of actual weld profile and FE model (ρ = 180o) 
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Sections along the brace-to-chord intersection for the left and right side of the 
joint are cut by band saw and shown in Fig. 4.31 to examine the fatigue cracks and 
weld profiles. Figures 4.32-4.35 confirm that the actual welds conform to the PJP+ 
weld details (Fig. 3.6). The agreements of as-welded profiles and weld profiles in FE 
models (Chapter 3) at four control points ascertain the correctness of SCF results from 
FE analyses. Small discrepancy is observed in Fig. 4.33 since this section is cut 
slightly out of the specified location. The root faces along the brace-to-chord 
intersection measured from the as-welded sections may vary and different from Fig. 
3.6 due to the following two reasons: 1) computer numerical control (CNC) machine 
flush cutting the braces to fit tightly on the chord surface and 2) manual grooving, 
before welding. 
Figures 4.36-4.37 compare the ACPD readings at the end of the fatigue test 
and the crack measurement after the ultimate failure at two obvious fatigue crack 
locations including the BL front and the BL rear. The fatigue crack profiles are 
similar, with the marginal discrepancies of 1.0-2.0 mm. This is due to 1) the accuracy 
of ACPD measurement, and 2) the crack measurement after the ultimate failure 
(which includes the ductile crack extension). To exclude these uncontrollable factors, 
the fatigue crack depths measured by the ACPD instrument are considered more 
credible at the end of fatigue test for all crack locations.  
The information of fatigue crack depths measured from ACPD technique and 
their corresponding fatigue crack bevel angles (over the thickness) measured from the 
band-sawed sections after the ultimate strength test, will be used in the subsequent 
finite element analyses of plasticity-induced fatigue crack closure of fatigue-cracked 
PJP+ welded tubular joints in Chapter 7. 
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Fig. 4.37: Measurement of brace crack (rear) for J1-1F 
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4.4.3 Monotonic stress-strain curves  
 After the failure of J1-1F, several coupon specimens are taken from the braces 
and the chord to determine the material properties via uniaxial tensile tests. The locations 
are far from the highly stressed region of the brace-to-chord intersection to minimize the 
residual plastic strain effect. Geometries of these specimens follow the ASTM E 8 (2008) 
standards. The tensile loads are applied monotonically via a loading pin at a low strain 
rate ( 52 10ε −≈ ×ɺ  1/s) until breakage. The Young’s moduli are determined according to 
ASTM E 111 (2004) by using the least-square regression. The engineering stress-strain 
curves from the tests are subsequently turned into the true stress-strain curves. The 
conversion details are elaborated in Appendix C. Figures 4.38 and 4.39 show the 
engineering stress-strain and true stress-strain curves for the coupon specimens cut from 
the brace and the chord, respectively. 
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Fig. 4.38: True stress-strain curve of brace (from J1-1F) 
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Fig. 4.39: True stress-strain curve of chord (from J1-1F) 
 
4.5 FATIGUE TESTING OF J1X-1 
4.5.1 SCFs and notch SCFs measurement 
The geometry and loading of the tubular joint J1X-1 are similar to the 
previous configurations of J1-1 and J1-1F. The brace misalignment of type B is 
observed. The distinguish feature for this joint is the effect of controlled weld profile 
on the fatigue performance of PJP+ welds. The weld surfaces along the brace-to-
chord intersection are smoothly ground by disc grinder in the P.T. McDermott 
fabrication yard as demonstrated in Fig. 4.40(a). The smoother weld profile results in 
longer fatigue life since the initial surface defects at weld toe are removed and the 
surface roughness is substantial reduced. The stress concentration factors for this joint 
are also measured at the following locations: BL120, CL120, BL135, CL135, BL150, 
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CL150, BL180, CL180, BL210, CL210, BL225, CL225, BL240, CL240, BR135, 
CR135, BR180, CR180, BR225, and CR225. In addition, the notch stress 
concentration factors are monitored at BL120, CL120, BL135, CL135, BL225, 
CL225, BL240, CL240, to compare the local stress effect on fatigue crack initiation. 
The notch stress measurement employs the strip gauge, where the first gauge is 
mounted closest to the weld toe (less than 1 mm measured from the weld toe) as 
displayed in Fig. 4.40(b). The measured SCFs and NSCFs at the applied load of 235 
kN are tabulated in Table 4.3. Figure 4.41 manifests that the notch strain on the chord 
at CL225 is possibly larger than the notch strain on the brace at BL225, although it is 
usually less for other locations. Figure 4.42 compares the measured SCF results with 
the finite element solutions. Similar to the previous tests, the FE results and 
experimental data on SCF agree well, and the maximum SCF value is on the left brace. 
For this joint, the hot-spot location is at BL120.  
 
Table 4.3: Measured SCF and NSCF values for J1X-1 
Data Location BL CL BR CR 
120o 2.81 1.69   
135o 2.48 1.7 1.72 1.45 
150o 1.75 1.56   
180o 1.87 0.91 1.69 1.98 
210o 1.85 1.47   
225o 2.33 1.87 1.46 1.36 
SCF 
240o 2.37 1.58   
120o 2.56 1.90   
135o 2.81 2.26   
225o 2.32 2.53   
NSCF 
240o 2.33 1.86   
 
















Fig. 4.40: Controlled weld profile and notch strip gauges on J1X-1 
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Fig. 4.41: Strain distributions for J1X-1 at BL225 and CL225 
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4.5.2 Fatigue test results 
 As expected, the smoother weld profile enhances the fatigue life. For this joint, 
two fatigue cracks nucleate at 165,000 cycles (compared to J1-1 at 70,000 cycles) on the 
chord at CL226-CL227 (2c = 2.5 mm) and CL240 (2c = 1.0 mm). These two cracks are 
later connected together to form a long single crack, and the fatigue crack further deepens 
along with shifting of the maximum crack depth location to CL235, as illustrated in Fig. 
4.43. The fatigue test terminates at 485,000 cycles, when the fatigue crack depth at 
CL235 reaches 18.80 mm. The fatigue crack growth at CL235 is plotted in Fig. 4.44. 
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Fig. 4.43: Fatigue crack growth profile of J1X-1 (CL rear crack) 
 
Figure 4.45(a) reveals the fatigue crack at the end of the test, ranging from 
CL190-CL250. Since the stress near the weld toe is significantly reduced by grinding 
on the weld, the branch cracks in the chord are observed as shown in Fig. 4.45(b). The 
fatigue crack starts to deviate from the weld toe at approximately 457,500 cycles. 
Comparing total fatigue lives between this test and the J1-1 test (203,255 cycles), at 
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similar fatigue crack depths (80% of chord wall thickness), the fatigue life 
enhancement by profile control is 2.39 times. Figure 4.46 compares the fatigue life of 
CL235 at 0, 5, 10, 15, and 18.80 mm fatigue crack depth. It shows that the fatigue 
crack initiation life is still beyond the API RP 2A (2007). At the end of the test, the 
total fatigue life is 16.13 times and 4.00 times compared to API (2002) curve XX 
(controlled weld detail) and API (2007), respectively. The test results ensure that the 



























Fig. 4.45: Fatigue crack on J1X-1 after fatigue failure 
  





1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09



















  API XX (2002)
API X'X' (2002)




                10
4
                 10
5
                 10
6
                10
7
                 10
8
                10
9
From crack initiation to 80% of wall thickness
 
Fig. 4.46: Comparison of J1X-1 to API design S-N curves  
 
4.6 FATIGUE TESTING OF J1X-1F 
4.6.1 SCFs and notch SCFs measurement 
 In the SCFs measurement and fatigue testing of this configuration, J1X-1F, in 
addition to the profile control by McDermott, the weld toes are further ground by 6.0 
mm diameter carbide burr in NUS structural laboratory. This burr ground method is 
commonly adopted in practice, in the situation when the fatigue strengths of welded 
joints are later realized insufficient but they have already been fabricated. The latest 
update of the API RP 2A (21st version, 2007) has already included this method and 
suggests that the fatigue life enhancement of burr grinding on the as-welded CJP 
joints is twice. Figure 4.47 summarizes three types of different post-weld treatments 
in this study including, as-welded profile, controlled weld profile, and both controlled 
and burr ground profile. The smoothest brace-to-chord intersection is yielded when 
the profile disc-ground and weld toe is burr-ground. 
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J1-1, J1-1F                                      J1X-1                                        J1X-1F
R3
As-welded                            Controlled profile            Burr ground
 
Fig. 4.47: As-welded details and post-weld treatment 
  
There are two main reasons to apply the burr grinding in this study, 1) to 
investigate the fatigue life enhancement on the toe cracking, 2) to trigger the fatigue 
crack initiation from the weld root (not found in the band saw sections of the previous 
tests J1-1 and J1-1F). For the first objective, the weld toe is ground by the carbide 
burr to remove the material that has been subjected to previous tensile residual 
stresses (that has been caused by the cyclic loads in J1X-1 test). Very smooth 
transitions from the brace-to-weld and the chord-to-weld, along with the removed 
tensile residual stressed material, would delay the crack initiation at the weld toe 
significantly. The second objective of burr grinding is to initiate fatigue crack from 
the lack of penetration region in the PJP+ welds, where the stress in this region might 
be more critical than that of the weld toe (grinding smoothens the weld toe surface 
and reduce the notch stress).  
 For this test, strip gauges are mounted at the following locations to measure 
the SCFs: BL120, CL120, BL135, CL135, BL150, CL150, BL210, CL210, BL225, 
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CL225, BL240, CL240, BR135, CR135, and CR225, and the following locations to 
measure NSCFs: BL120, CL120, BL135, CL135, BL225, CL225, BL240, and CL240. 
The locations BL0, CL0, BL45, CL45, BL315, and CL315, deploy the strip gauges 
from the previous test, J1X-1, to compare the compressive SCFs to the FE results. 
The load of 235 kN is applied to measure the SCFs and NSCFs, as tabulated in Table 
4.4. Although the measured NSCFs in this study are not less than those at the same 
locations in J1X-1, the average surface roughness, aR , is much reduced (brace: 10.3 
µm to 5.4 µm, chord: 7.6 µm to 2.2 µm, weld: 6.5 µm to 0.7 µm). As a result, the 
fatigue life is expected to be much longer. Figure 4.48 shows that the measured SCFs 
for this joint are generally lower than the FE results (sharp notch) with misalignment 
type A. These are the evidences that the introduced weld toe curvature reduces the 
SCF values. 
 
Table 4.4: Measured SCF and NSCF values for J1X-1F 
Data Location BL CL BR CR 
0o -1.57 -1.83   
45o -1.47 -1.41   
120o 2.18 1.59   
135o 1.94 1.48 1.43 1.61 
150o 2.18 1.04   
210o 1.75 1.43   
225o 2.59 1.74  1.3 
240o 2.64 1.71   
SCF 
315o -1.53 -1.43   
120o 2.49 2.74   
135o 2.21 2.54   
225o 2.82 2.43   
NSCF 
240o 3.10 1.96   
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4.6.2 Fatigue test results 
 The cyclic load is applied on this joint specimen until 397,000 cycles elapsed, 
the first fatigue crack is observed at CL227-CL232 (2c = 10.0 mm). This fatigue crack 
initiation site is in the vicinity of the peak SCF computed from the FEA. The second 
fatigue crack is found at 525,000 cycles, at BL235-BL237. Both fatigue cracks are shown 
in Fig. 4.49(a), and the fatigue crack growth profiles are displayed in Figs. 4.50 and 4.51 
for the left-chord-side (rear) and left-brace-side (rear), respectively. Similar to the 
previous joint with controlled weld profile, the stress along the weld toe for this joint is 
lower and causes the fatigue crack to propagate into the chord material. The fatigue test 




Fig. 4.49: Fatigue cracks of J1X-1F 
 
At the end of fatigue test, the additional fatigue cracks emerge unexpectedly 
on the right-side of the chord at CR122-146, CR151-CR165, CR167-CR225. Figure 
4.52 displayed the manual probe measurement for these cracks. Figure 4.49(b) 
illustrates these fatigue cracks opened at the ultimate load of this joint. The main 
fatigue crack (CR167-CR225) has the deepest crack depth of 21.0 mm at CR185. 
Similar to the previous tests, this fatigue test terminates when the fatigue crack depth 
in the chord reaches approximately 80% of the chord wall thickness. As a result of the 
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unobserved cracks, the fatigue crack growth profiles are missing. The nearest strip 
gauges at CR135 reveal that these cracks nucleate at approximately 300,000 cycles. 
The earliest appearance of the CR crack is opposite to the fatigue test result of J1-1F, 
where the CR crack initiates much later than the CL and BL cracks. The reason for 
this is the local notch effect, where the surface around this region is rough or still has 
weld imperfections. The burr grinding on the left-side of the joint might relieve the 
stress until the notch stress is lower than that of the right-side of the joint. 
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Fig. 4.50: Fatigue crack growth profile of J1X-1F (CL rear crack) 
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Fig. 4.51: Fatigue crack growth profile of J1X-1F (BL rear crack) 
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Fig. 4.52: Fatigue crack profile of J1X-1F (CR crack) 
 
























Fig. 4.53: Fatigue crack growth curves of J1X-1F 
 
 Figure 4.53 shows the fatigue crack growth curves at the deepest point of all 
three cracks in this study, CL rear, BL rear, and CR cracks. The CR crack initiates the 
earliest and is followed by CL rear and BL rear cracks, where the fatigue crack 
growth rate for all the cracks are relatively close. Figure 4.54 shows two points for all 
cracks including the number of cycles at fatigue crack initiation and at the end of the 
test, plotted against their corresponding hot-spot cyclic stress ranges. In the fatigue 
test of J1X-1F, it is observed that the CR crack has much lower hot-spot stress range 
than CL rear and BL rear cracks, however, this fatigue crack (CR crack) is the first to 
nucleate. The BL crack produces the maximum hot-spot stress range but the fatigue 
crack initiates the latest. These results show that the fatigue crack initiation is affected 
mainly by the local stress around the possible fatigue crack initiation area, which is 
the notch at the weld toe in this study. 





1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09



























                10
4
                 10
5
                 10
6
                10
7
                 10
8
                10
9
From crack initiation to 80% of wall thickness
 
Fig. 4.54: Comparisons of J1X-1F to API design S-N curves 
  
For the deepest fatigue crack at CR185, with the hot-spot cyclic stress range of 
218 MPa, the fatigue life is 9.13 times and 2.90 times those of the API RP 2A (2002) 
curve XX (controlled weld profile) and API RP 2A (2007), respectively. The fatigue 
life improvement for the PJP+ welded X-joints adopting various post-weld 
improvement techniques including the profile control and burr grinding are given in 
Table 4.5. The previous fatigue test results of J1-1 and J1X-1 demonstrate that the 
controlled weld profile improves the fatigue life by 2.39 times. If the weld toe is 
ground in addition to the profile control (J1X-1F), the fatigue life is further enhanced 
significantly to 3.79 times that of the as-welded profile (although the specimen is 
subjected to prior compressive cycles). In conclusion, the fatigue test results at the 
applied load range of 210 kN confirm that the fatigue lives of PJP+ welded joints are 
on the safe-side of the API RP 2A CJP-welded design S-N curves, although some 
tests have already been subjected to the residual tensile stress and the fatigue cracks 
have not propagated through the wall thickness.  
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Table 4.5: Improvement factors for different post-weld treatment techniques 
Weld improvement technique API RP 2A (2007) Current test Remarks 
Profile control Varies 2.39 J1X-1/J1-1 
Burr ground 2.0 N.A. - 
Profile control + Burr ground N.A. 3.72 J1X-1F/J1-1F 
 
4.6.3 Prediction of fatigue cracks from weld root 
After the ultimate strength test of J1X-1F, sections along the weld profile are 
cut by band saw as depicted in Fig. 4.55. Sections on the left-side of the joint, either 
front or back, reveal that fatigue crack initiates from weld root as predicted. Figure 
4.56 shows examples of fatigue root cracks at RL237, RL142, and RL232, (the first R 
stands for root). There is no root crack on the right-side of the joint because the weld 
metals penetrate completely to the brace, causing the complete joint penetration weld.  
Since the fatigue crack in the weld root exists in this test in addition to the brace 
and the chord cracks (see Fig. 4.57 for terminologies), attempts to predict weld root 
failure is needed. Up to now and to the author’s knowledge, there is no design code 
provides guidance on estimation of SCFs at the weld root, the possibility to extrapolate 
the stress behind the weld root to the root notch is so far studied by FEA. Finite element 
model in Chapter 4 for misalignment type A (J1X-1F) is thus utilized to compute the 
SCFs near the weld root along the brace-to-chord intersection. Figure 4.58 shows that 
the mesh behind the weld root is structurally refined with the elements placed at the 
distance of 0.4t to 1.4t measured from the root tip (0.4t and 1.4t values are replicated 
from IIW (2007) for SCFs determination at weld toes). Figures 4.59(a) and 4.59(b) 
exemplify the primary stress distributions on the chord with two angles ρ = 120o and 
135o, respectively, where the deepest fatigue root crack RL237 locates in this region.  
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(a) Left sections (b) Right sections
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Fig. 4.57: Typical fatigue cracks along 
brace-to-chord intersection 
Fig. 4.58: Extended FE model for 
prediction of weld root failure 
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Fig. 4.59: Stress distribution on chord near weld root 
 
Figures 4.59(a) and 4.59(b) show that the stress distribution in the chord 
material at 0.4t to 1.4t behind the root tip is linear, similar to the stress distribution in 
the chord ahead of the weld toe. The stress in the weld is generally less than those at 
or near the weld toe or weld root since more weld materials provide more constraints. 
Therefore, the primary stresses behind the root tip along the brace-to-chord 
intersections are linearly extrapolated back to the root tip to estimate the root SCF 
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values (Fig. 4.60). On the left-side of the joint, the maximum root SCF value of 1.82 
is noted at RL135-RL138. This high SCF value implies that the fatigue crack 
initiation at weld root is also possible, as evidenced in Fig. 4.56 for RL237, RL142, 
and RL232. However, at the same hot-spot stress range level, the fatigue crack initiation 
at the weld root might take much longer time after the initiation of the chord toe cracks. 
The maximum root SCF value on the right-side of the joint is lower than the nominal 
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Fig. 4.60: SCF profiles of J1 (misalignment type A) on weld root 
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Hong (2010) proposes the new S-N curve to estimate the fatigue life at the 
weld root by reviewing 300 published test results on double plate joints and cruciform 
joints. For each data, the hot-spot stress is extrapolated from the stress components in 
the weld metal, since the fatigue cracks in these joints nucleate from the lack of 
penetration region and propagate to the weld material. The Basquin’s constants are 
proposed in Hong (2010) and those with twice of standard deviations are considered 
in this thesis (Table 4.6) since 95.5% of the test data would fall in this confidence 
interval (assuming log-normal distribution). 
 
Table 4.6: Basquin’s constants for fatigue crack at weld root 
Recommendations k const Valid for N 
 Mean + 2S.D. 3.1370 6.5720×1013 N.A. 
 Mean 3.1370 1.8266×1013 N.A. 
 Mean – 2S.D. 3.1370 5.0767×1012 N.A. 
 
Figure 4.61 compares the S-N curves by Hong (2010) and the hot-spot stress 
range at the weld root obtained from Fig. 4.60(a) at several locations (where the 
fatigue root cracks are observed from band saw sections). Most of the hot-spot stress 
ranges and cycles at failure from root-cracked band saw sections fall in the scattered 
band of Hong (2010), which shows that the fatigue root crack is predictable. The only 
deviation is at location RL253 where the value has not yet reached the range within 
±2S.D. interval as the fatigue crack depth is still shallow at 3.53 mm. As more loading 
cycles are applied, the fatigue root crack data would have passed the Hong (2010) 
Mean−2S.D. curve. However, more test data are required to ascertain the extension of 
these S-N curves to the fatigue root crack prediction of PJP+ welded tubular joints.  
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Fig. 4.61: Estimated fatigue root crack cycles 
 
4.7 FATIGUE TESTING OF J1-2 
4.7.1 SCFs and notch SCFs measurement 
 The purpose of this specimen J1-2 is to carry out the fatigue test at the lower 
load range than that of J1-1, which allows more fatigue life data of PJP+ welded 
tubular joints to be presented on the Wöhler’s diagram. The joint specimen J1-2 has 
as-welded PJP+ weld profiles and misalignment type A, similar to J1-1. The strip 
gauges are mounted at the positions: BL120, CL120, BL135, CL135, BL150, CL150, 
BL180, CL180, BL210, CL210, BL225, CL225, BL240, CL240, BR135, CR135, 
BR180, CR180, BR225, CR225, to measure the stress concentration factors, and at 
BL120, CL120, BL135, CL135, BL225, CL225, BL240, CL240, to measure the notch 
stress concentration factors. Several strip gauges along the brace-to-chord intersection 
on the right-side of the joint are mounted in order to detect the fatigue crack in this 
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region, which we missed in the previous test of joint J1X-1F. At the maximum 
applied load of 180 kN, the SCFs and NSCFs are measured and tabulated in Table 4.7. 
Figure 4.62 indicates that the measured values agree with the FE analyses of J1 with 
the misalignment type A. 
Similar to the previous tests, the SCF values on the left-side of the brace are 
larger than the SCF values on the left-side of the chord. The hot-spot locations for this 
specimen are at BL120 and BL240, with the measured SCF values of 2.11 and 2.12, 
respectively. However, the hot-spot locations based on the maximum SCF value are not 
the first fatigue crack initiation site as discovered in the previous tests. The local strain 
gauges at the weld toes reveal that the notch stress concentration factor is 3.04 at CL120, 
which is higher than the value of 2.40 on the brace at the similar brace angle (BL120). At 
the back and left-side of the joint, the NSCF value at CL240 is 2.30 which is also larger 
than 2.14 at BL240. Two positions that the NSCFs of the chord are more than the NSCFs 
on the brace indicate that it is possible for the first fatigue crack to appear on the chord.  
 
Table 4.7: Measured SCF and NSCF values for J1-2 
Data Location BL CL BR CR 
120o 2.11 1.74   
135o 1.97 1.75 1.24 1.6 
150o 1.91 1.46   
180o 1.34 0.94 1.51 1.45 
210o 1.28 1.11   
225o 1.84 1.73 1.21 1.44 
SCF 
240o 2.12 1.73   
120o 2.40 3.04   
135o 2.33 1.93   
225o 2.29 2.14   
NSCF 
240o 2.16 2.30   
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4.7.2 Fatigue test results 
The notch stress measurement reveals that the possible fatigue crack initiation 
sites for this joint are either front or back on the left-side of the chord, ACPD fixed 
probes are therefore densely spot-welded to these regions. The cyclic load with the 
maximum load of 180 kN and the minimum load of 20 kN (load range 160 kN produces 
the nominal stress range of 95.50 MPa) is applied until 126,000 cycles, the first fatigue 
crack is observed at CL236-CL237 (2c = 6.0 mm). The second fatigue crack appears at 
CL125-CL128 (2c = 18.0 mm), when 253,121 cycles elapse. The fatigue test is 
interrupted at 332,000 cycles, when the fatigue crack depth in the front and back of the 
left-side of the chord are 3.48 mm and 11.02 mm, respectively. At that instance, a single 
overload of 270 kN (overload ratio Rol = 1.5) is applied to study the overload-induced 
fatigue crack closure phenomenon (more details in section 7.3). After that, the fatigue 
test is resumed and terminated at 430,000 cycles, when the depth of the deepest fatigue 
crack in this joint at CL242 reaches 22.09 mm, which is 88% of the chord wall 
thickness. Figure 4.63 displays the dye penetrant test on two fatigue crack sites in this 
joint. Figures 4.64-4.65 show the fatigue crack growth profiles of these two cracks. The 




Fig. 4.63: Fatigue cracks of J1-2 after fatigue failure 
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Fig. 4.64: Fatigue crack growth profile of J1-2 (CL rear crack) 
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Fig. 4.65: Fatigue crack growth profile of J1-2 (CL front crack) 
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 Figure 4.66 illustrates the fatigue crack growth at the deepest point of all 
cracks observed in this test. The fatigue crack at CL128 initiates later and grows at a 
slower rate than the main crack at CL242, even though the SCF at the former location 
(2.01) is higher than that of the latter (1.92). Figure 4.67 compares the hot-spot stress 
range for both cracks in this test with the API design S-N curves. The fatigue life of 
the main crack are plotted at different crack depths including 0.0, 5.0, 10.0, 15.0, 20.0, 
and 22.9 mm, and for the second fatigue crack are marked at the depths of 0.0, 5.0, 
and 8.22 mm. The fatigue crack initiation life of the main crack in this joint J1-2 is 
close to the permissible cycles provided by API RP 2A curve X’X’ (uncontrolled 
weld details). At the end of the test (fatigue crack depth reaches 88% of the chord 
wall thickness), the fatigue life is beyond the allowable cycles given by API RP 2A 
(2007) and API RP 2A (2002) curve X’X’ by 1.23 times and 5.01 times, respectively. 
It can be concluded that the fatigue performance of PJP+ welds at a lower load range 
is better than that of the previous tests and survive the API RP 2A design S-N curves 





















Fig. 4.66: Fatigue crack growth curves of J1-2 
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Fig. 4.67: Comparison of J1-2 to API design S-N curves  
 
4.8 FATIGUE TESTING OF J1-2F 
4.8.1 SCFs and notch SCFs measurement 
 In this test, all the strip gauges are installed at similar positions to the previous 
configuration J1-2. The load of 180 kN is applied to measure the SCFs and NSCFs as 
tabulated in Table 4.8. The hot-spot location is at BL120, with the measured SCF 
value of 2.27. Along the left-side of the chord, the maximum SCF value is 1.71 at 
CL120. In this test, the maximum notch SCF value of 2.90 occurs at CL225. At the 
same brace angle, the NSCF values on the chord for this joint are normally larger than 
those on the brace, except at ρ = 120o. The ACPD fixed probes are therefore heavily 
installed along these chord toe regions (front and back) since the fatigue crack on the 
chord always initiate earlier than the fatigue crack on the brace. Figure 4.68 displays 
the comparison of measured SCF values and the FE results with misalignment type B. 
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Table 4.8: Measured SCF and NSCF values for J1-2F 
Data Location BL CL BR CR 
120o 2.27 1.71   
135o 2.22 1.61 1.44 2.03 
150o 1.82 1.32   
180o 1.49 1.01 1.52 1.42 
210o 2.24 1.51   
225o 1.93 1.53 1.29 1.32 
SCF 
240o 1.86 1.58   
120o 2.59 2.05   
135o 2.20 2.36   
225o 2.26 2.90   
NSCF 
240o 2.35 2.63   
 
4.8.2 Fatigue test results 
 Similar to J1-2, the cyclic load range of 160 kN is applied on the specimen J1-
2F. At 144,000 cycles, the first fatigue crack is observed at CL122 (2c = 9 mm). The 
second fatigue crack is found in the rear side at CL227 (2c = 10 mm) at 360,000 cycles. 
The third fatigue crack appears at CR142-152 (2c = 30 mm) at 364,500 cycles. These 
fatigue cracks are growing until 448,000 cycles, when the deepest fatigue crack depth 
at CL127 reaches 8.25 mm, a single overload of 270 kN (Rol = 1.5) is introduced, and 
the fatigue test resumes promptly. At 478,000 cycles, when the deepest fatigue crack 
depth in the joint reaches 9.49 mm, the cyclic load range is reduced to study the 
fatigue crack growth at lower load range than those of the previous tests of 210 kN 
and 160 kN. The maximum load is reduced to 117 kN and the minimum load 12 kN 
(applied load range = 105 kN). The fatigue test terminates at 564,000 cycles, when the 
deepest fatigue crack depth at CL127 reaches 10.72 mm (only 43% of the chord wall 
thickness in this test to facilitate the ultimate strength test of joint with shallow cracks).  
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The fatigue crack growth profiles for all the cracks are shown in Figs. 4.69-
4.71. Figure 4.72 depicts the fatigue crack growth at the deepest point of three fatigue 
cracks in this test. The main fatigue crack on the left side of the chord (CL front crack) 
grows fastest, followed by the chord crack on the right side of the chord (CR front 
crack), and that on the left side of the chord (CL rear crack), respectively. Figures 
4.66 (J1-2 test) and 4.72 (J1-2F test) illustrate that overload force applied on the 
specimen with the overload ratio Rol = 1.5 does not reduce the fatigue crack 
propagation rate (within the sensitivity range of the fatigue crack depth measurement 
by ACPD instrument). The fatigue crack growth rate at the low applied load range of 
105 kN (from 478,000 cycles onwards) reduces significantly (1.36×10-8 m/cycle) 
compared to that of the applied load range of 160 kN (4.31×10-8 m/cycle). At the end 
of the test, the depths of the CR front crack (6.31 mm) and CL rear crack (4.06 mm) 
are shallow compared to that of the main crack.  
Figure 4.73 compares the number of cycles and the corresponding hot-spot 
stresses for the deepest location in all fatigue cracks in this study with the API design 
S-N curves. For the deepest crack (CL127), the numbers of cycles are plotted at the 
fatigue crack depths of 0.0 mm, 5.0 mm, 9.49 mm, and 10.71 mm. The numbers of 
cycles for CL230 and CL147 cracks in this figure refers to the cycles for fatigue crack 
initiation, 478,000 cycles (change of the applied load range), and 564,000 cycles (end 
of the fatigue test). All the fatigue cracks initiate beyond the permissible cycles 
provided by API (2002). At 478,000 cycles, the deepest fatigue crack depths for 
CL127, CL230, and CR147, are 9.49 mm, 3.20 mm, and 4.78 mm, respectively. The 
numbers of cycles for these cracks exceed the allowable cycles stipulated by API 
(2007), although the deepest crack depth is only 38% of the chord wall thickness.  
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Fig. 4.69: Fatigue crack growth profile of J1-2F (CL front crack) 
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Fig. 4.70: Fatigue crack growth profile of J1-2F (CL rear crack) 
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Fig. 4.72: Fatigue crack growth curves of J1-2F 
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Fig. 4.73: Comparisons of J1-2F to API design S-N curves 
 
4.9 COMPARISON OF TEST RESULTS 
 Figure 4.74 shows the fatigue crack propagation behavior for the deepest point 
in each tubular joint specimen. The deepest locations for most of the specimens lie 
between CL127 (front side) and CL235-242.5 (rear side). This is similar to the 
maximum SCF and NSCF locations on the left-side of the chord, obtained from both 
FE predictions and experimental measurement. The only different deepest location is 
noted in J1X-1F specimen. The smoothly burr-ground surface on the left-side of the 
chord leads to the relocation of the fatigue crack initiation to be at CR185. The tubular 
joint with controlled weld profile (J1X-1) increases the fatigue life significantly, and 
improves further with burr grinding (J1X-1F). The fatigue life of profile-controlled and 
burr-ground J1X-1F specimen tested at the load range of 210 kN has the fatigue life 
even longer than that of the as-welded J1-2 tested at the lower load range of 160 kN.  
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The fatigue life of the flipped joint J1-1F is only 20% shorter life than that of 
the J1-1. The shorter total fatigue life comes from the earlier fatigue crack initiation. 
The tensile residual stress left at the notch from the earlier J1-1 test enables the 
fatigue crack of J1-1F to initiate easily. In contrast, the maximum stress occurs at the 
notch in J1-2 test is lower than the yield strength, without local notch plasticity.  The 
fatigue life of J1-2F is not even reduced but is longer than that of the J1-2. 
Figures 4.75-4.77 compare the fatigue test results of all cracks of PJP+ welded 
tubular joint specimens observed in this study and the available fatigue life 
assessment approaches including the nominal stress method, the hot-spot stress 
method, and the notch-stress method, respectively. Figure 4.75 shows that the fatigue 
performance of the enhanced partial joint penetration welds is better than the 
traditional PJP welds (IIW FAT50) and the controlled weld profile and burr grinding 
applied on the specimen improve the fatigue performance of PJP+ welds to be as good 
as the CJP welds (IIW FAT71). The fatigue test data of PJP+ welds fall between the 
existing design guidelines for CJP welds including API (2007) and CIDECT (2001), 
and are significantly better than those stipulated in API XX (2005), API X’X’ (2005), 
and DNV-RP-C203 (2010). Only the fatigue life assessed by the notch stress 
approach shows the underestimation on some data of PJP+ welds. This is because 
these fatigue cracks are still shallow and will need many more cycles of loading for 
the fatigue crack growing through the thickness.  
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Fig. 4.75: Comparisons of PJP+ test results with the nominal stress curves 
 





1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09





















                10
4
                 10
5
                 10
6
                10
7
                 10
8







































1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09





















                10
4
                 10
5
                 10
6
                10
7
                 10
8








































1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09




















                10
4
                 10
5
                 10
6
                10
7
                 10
8
                10
9










































Fig. 4.77: Comparisons of PJP+ test results with the notch stress curves 
 
4.10 SUMMARY 
 The fatigue tests conducted and presented in this chapter examine the fatigue 
performance of PJP+ welded CHS tubular joints at different applied load ranges and 
post-weld improvement techniques. The experimental procedure monitors the fatigue 
crack initiation life and total fatigue life (less than the through-thickness fatigue life in 
this study) under the constant-amplitude cyclic load tests. The test results from all 
specimens reveal that the fatigue cracks initiate at the number of cycles close to the 
values stipulated by API (2002) S-N curve. At the end of the tests, the number of 
cycles fall closely to that of the API (2007) S-N curve. The fatigue performance of 
PJP+ welds is comparable to the API recommendation for CJP welds, although the 
crack has not yet propagated through the wall thickness. The fatigue testing of flipped 
joints further attest the fatigue performance of PJP+ weld details, although the tensile 
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residual stresses are left and multiple fatigue crack sites are observed. The fatigue life 
of the flipped joint is slightly less than that of the intact joint for the fatigue test under 
210 kN applied load range (due to local notch plasticity). In contrast, the fatigue life 
of the flipped joint may be even longer than that of the virgin joint at the low load 
range of 160 kN (due to scatter in the experiment).   
The effect on single overloading event on fatigue crack propagation in tubular 
joints is also studied. For the 50% overload, the number of delayed cycles is marginal 
and the effect of overload disappeared quickly. The test results in this chapter witness 
a few fatigue life extension techniques including controlled weld profile, and 
controlled weld profile with burr ground. The disc-grinding applied on the PJP+ weld 
profiles extend the fatigue life significantly, by more than two times. Fatigue life is 
further enhanced by more than three times if the disc-grinding is applied along with 
the carbide-burr grinding. This is due to the smoothened weld surface and removal of 
defects and material near the notch where the random metallurgical variables and 
residual stress are expected. This burr grinding should be done cautiously since it may 
lead to 1) excessive removal of base or weld metals, or 2) hardly improved fatigue life 
in seawater as shown by Dijkstra (1985), 3) shifting of the fatigue crack initiation site, 
and 4) initiation of root crack for PJP or PJP+ welds. The fatigue crack at weld root is 
unfavorable for designers of PJP and PJP+ welds due to the difficulties in the internal 
crack detection and the fatigue life assessment. At this stage, the fatigue crack 
initiation from weld root of PJP+ welds is calculable via the hot-spot stress approach. 
Further fatigue test results on small-scale joint specimens (Chapter 8) are needed to 
verify the applicability of this method.  
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CHAPTER FIVE 
CHAPTER 5: FINITE ELEMENT ANALYSIS OF 






5.1 FE SIMULATION OF CRACK PROPAGATION 
5.1.1 Motivations 
 Section 1.2.3 reviews previous literatures on the finite element analysis of 
plasticity-induced fatigue crack closure (PIFCC). This chapter aims to investigate the 
thickness and overloading effects on PIFCC numerically, by using the node-release 
technique in 3-D finite element analyses. For the thickness effect, the ASTM E 647 
(2011) allows a wide range of thicknesses for compact tension specimens, 0.05W ≤ B ≤ 
0.25W, and for middle tension specimens, 0.125W ≤ B ≤ 0.25W. However, fatigue crack 
front tunneling always occurs in these specimens. Figure 5.1 shows these different 
fatigue crack fronts of fatigue precracking parts on a few thicknesses of the fracture 
specimens. The curved fatigue crack front is a result of PIFCC phenomenon, in which 
the fatigue crack near the free surface (plane-stress condition) grows at a slower rate 
than the inner section (plane-strain condition). The unequal fatigue crack growth rate 
over the thickness for a large number of loading cycles causes the actual fatigue crack 
front to be very different from the initially designed straight notch.  






Fig. 5.1: Thickness effect on fracture specimens 
 
Yamamoto et al. (1987) show that slow fatigue crack growth rate near the free 
surface exists even in very thick (10T) fatigue specimens. The excessively curved 
fatigue crack front results in miscalculation of the fatigue crack length during the test. 
This thickness effect is more pronounced in the fatigue crack growth rate 
measurement in very thin specimens. The fatigue crack growth rate in thin specimens 
is slower than that of the thick specimens, as the thin sections approach the plane-
stress condition. As a result, using these fatigue crack growth rate data usually 
underestimates the actual fatigue life in full-scale structures (in case of the plane-
strain condition). The suitable thickness for fabricating steel fatigue specimens will be 
accomplished in this chapter. Up to now, ASTM E 647 (2011) does not recommend 
side grooving similar to the plane-strain fracture toughness test standard ASTM  
E 1820 (2008). The geometry of side-grooved compact tension specimens in this 
standard provides the additional out-of-plane constraint to the test specimens, which 
promotes the plane-strain condition. The results in this chapter verify that the 
sufficiently thick and side-grooved compact tension specimens are the most suitable 
for the fatigue crack growth rate measurement tests. Since the PIFCC effect is 
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minimized, the fatigue crack growth rate data are conservative for predicting the 
remaining fatigue life in full-scale structures.    
Section 2.1.2.3 elaborates that the PIFCC phenomenon is a consequence of 
residual compressive stress near the crack tip, which is left over from the previous 
high tensile stress (more than the yield strength) during loading. The PIFCC effect 
could be beneficial to enhance the fatigue life by introducing a large amount of 
residual compressive stress. The single overload event generates the larger plastic 
zone around the crack tip. During unloading, the material near the crack tip undergoes 
more local compressive stress than the residual compressive stress generated by the 
normal constant-amplitude loading. The large amount of the load is required to 
overcome this residual compressive stress to reopen the crack, and causes the delay in 
fatigue crack growth. This effect is studied in this chapter numerically.  
The chapter presents the node-release technique, verification studies, plane-
stress and plane-strain fatigue crack closures, through-thickness variations of crack 
opening loads on typical C(T) and M(T) fatigue specimens (see Appendix D for 
detailed drawings), and the remedial measures of plasticity-induced fatigue crack 
closure effect near the free surface by using the appropriate fatigue specimens. 
5.1.2 Node release technique 
Generally, the load is cyclically applied in FEA of PIFCC, ranging from the 
minimum load to the maximum load. The first two cycles of loading do not involve 
any crack propagation. The element size, ∆a, for crack propagation simulation is 
designed follow Roychowdhury and Dodds (2003) with 20 elements in the plane-
stress forward plastic zone. Starting from the third cycle, the crack tip nodes along the 
crack-front elements are simultaneously released at the end of the loading step, 
leading to an assumed uniform crack extension across the thickness. For a symmetric 
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model, the contact between the specimen and the rigid surface at the symmetric plane 
is forced to prevent the penetration of the material when the load approaches the 
minimum value. After a few cycles of fatigue crack extension, the normalized crack 
opening load, maxopK K , through the thickness are computed. The normalized crack 
opening load follows Roychowdhury and Dodds (2003), by monitoring the nodal 
displacement of the second element behind the current crack front. The crack is 
considered opened when the vertical displacement of that particular node is positive 
(more than 1 nanometer). Figure 5.2 illustrates the loading scheme and location to 
determine the crack opening load for quadratic elements. 
The normalized crack opening loads for the consecutive cycles are acquired to 
plot the stabilization curve, which illustrates the evolution of opK  as the crack 
propagates. The steady-state crack opening load is reached when the fatigue crack 
propagates through its initial forward plastic zone size. For 3-D models, stabilization 
curves of all nodes along the crack front display the through-thickness variation of 
crack opening values.  
 








∆a ∆a ∆a ∆a
Remote tension K = Kop
 
Fig. 5.2: Node release technique and determination of crack opening load 
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5.1.3 Finite element modeling 
 The finite element analysis employs full-integration quadratic elements (Q8 
elements for 2-D models and 20-node brick elements for 3-D models) with large-
deformation formulation. The 2-D models utilize a similar mesh design as the in-
plane mesh for the 3-D models. Owing to double and triple symmetries for C(T) and 
M(T) specimens, the simulation requires just a quarter and one-eighth of the full 
model, respectively. The 3-D models employ 7 elements over the half-thickness of the 
specimen, with the smallest element nearest to the free surface. The positions of the 
crack front nodes measured from the midthickness locate at z/0.5B = 0.0, 0.342, 0.575, 
0.734, 0.842, 0.916, 0.966, and 1.0, where z = 0 at the midthickness. The smallest 
element size equals to 0.017B measured in the thickness direction. Table 5.1 shows 
the total number of nodes and elements for 3-D C(T) and M(T) models. 
 
Table 5.1: Number of nodes and elements for FE fatigue models 
FE model No. of nodes No. of elements 
C(T) 35,517 7,511 
M(T) 32,630 6,748 
 
 Both C(T) and M(T) specimens are prepared according to the specifications 
stipulated in ASTM E 647 (2011) with the normalized crack length 0.3cα = . The 
width W are 50 mm and 100 mm for C(T) and M(T) specimens, respectively. The 
numerical procedure maintains a constant maximum stress intensity factor maxK = 
56.13 MPa m  throughout the analysis, by applying load-controlled loading for C(T) 
FE models and surface tractions for M(T) FE models in each individual cycle. The 
minimum stress intensity factor is 0.0 MPa m  (the load ratio R = 0.0). The applied 
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loads for the given stress intensity factor are calculated form Eq. 2.7(a) and 2.7(b) 
provided by ASTM E 647 (2011) for C(T) and M(T) specimens, respectively.  
 
z = 0 : Midthickness















(c) Mesh in crack 
propagation region
Element size = 0.25 mm
(a) C(T) 1/4 model
 
Fig. 5.3: Typical FE models for C(T) and M(T) specimens 
5.1.4 Material constitutive model 
 The elastic-plastic finite element analyses are conducted using the general-
purpose finite element package ABAQUS. To facilitate the incremental plasticity 
calculation, there are 100 increments in each loading step and 25 increments in each 
unloading step. In this study, the material properties for the structural steel S355 are as 
follow: modulus of elasticity E = 205 GPa, yield strength yσ = 355 MPa, and Poisson’s 
ratio ν = 0.3. Since the material near the crack tip undergoes cyclic plasticity during 
fatigue, the kinematic hardening rule is chosen to represent the translation of yield 
surface rather than the expansion as appeared in the isotropic hardening rule (Fig. 5.4).  
 














(a) Isotropic hardening (b) Kinematic hardening
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Material in this study
 
Fig. 5.5: Uniaxial true stress-strain curves of S355 structural steel  
 
The yield surface in kinematic hardening rule is constant regardless of the 
effective plastic strain, and the Bauschinger effect is thus preserved. The nonlinear 
kinematic hardening (NKH) model proposed by Chaboche (1986) is adopted to define 
the yield surface translation or backstress as previously shown in Eq. (2.56b). The 
material properties: C = 5540 MPa and γ = 16 are employed to represent S355 
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structural steels under cyclic yielding. Figure 5.5 compares the adopted material 
model with the monotonic uniaxial true stress-strain curve of PJP+ welded tubular 
joint chord material (from Fig. 4.39) and a few available uniaxial monotonic true 
stress-strain curves of S355 structural steels. The assumed cyclic stress-strain curve 
lies between these monotonic stress-strain curves. 
 
5.1.5 Verification studies 
 The numerical procedure presented in the previous sections are verified 
against the experimental results reported by Park and Lee (2000) for C(T) specimens 
of similar dimensions to those adopted in the current study (ASTM E 647 (2011) with 
W = 50 mm). The tested material, the 304 stainless steel, is normally employed in the 
nuclear power plants, with the following material properties: E = 193 GPa, ν = 0.3, 
and yσ = 270 MPa. The nonlinear kinematic hardening properties are assumed to be C 
= 5540 MPa and γ = 16. These values provide the maximum yield surface translation 
of C γ  = 346.25 MPa, when the strain level approaches the failure strain. Two 
different thicknesses, 3.0 and 6.0 mm, are considered. Constant-amplitude loading is 
controlled in the experiment with the load ratio of 0.2. The range of stress intensity 
factor varies from K∆  = 18.5 MPa m  at a = 13.38 mm and reaches K∆  = 31.0 
MPa m  at a = 23.18 mm. To simulate their studies, a similar set of stress intensity 
factor ranges is applied in the current finite element analyses of specimens of the 
following thicknesses, namely 1.5625, 3.0, 6.0, 12.5, 25.0, and 50.0 mm. Only 
through-thickness stabilization curves for B = 3.0 and 6.0 mm are illustrated in Figs. 
5.6(a) and 5.6(b), respectively. The through-thickness average normalized crack 
opening stress intensity factors along the entire crack front in Fig. 5.6(c) for various 
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thicknesses follows 1) the weighted average normalized crack opening stress intensity 




















 ,   (5.1a) 
and 2) the energy approach, since the J-integral is proportional to the square of the 
stress intensity factor, the normalized crack opening J-integrals are combined for each 
splice before being converted back to the through-thickness average normalized crack 
opening stress intensity factor as,  
( )



















where iB  in Eqs. (5.1a) and (5.1b) correspond to the effective distance between two 
adjacent nodes of interest in the thickness direction.  
 The through-thickness average of crack opening stress intensity factors at 
0.40a W =  calculated by both methods have less than 3.0% difference. Since the 
energy principle reflects the actual crack driving force over the thickness, only Eq. 
(5.1b) will be used in subsequent analyses. The through-thickness average crack 
opening stress intensity factors demonstrate that the thinner specimens have larger 
maxopK K  values than those of the thicker specimens. This implies that the PIFCC 
effect is more pronounced for thinner section (approaching the plane-stress condition) 
than the thicker section (closer to the plane-strain condition). The normalized crack 
opening load averaged over the thickness for 3.0 and 6.0 mm are 0.286 and 0.246, 
which agree with the experimental results reported by Park and Lee (2000) of 0.268 
and 0.228, respectively.  
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Fig. 5.6: Verification of FEA of PIFCC with experimental results 
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5.2 TWO-DIMENSIONAL FEA OF PIFCC 
 Finite element analyses of PIFCC for plane-stress and plane-strain conditions 
for both C(T) and M(T) specimens are conducted in this section. The plane-stress 
condition represents a thin section or near the free surface whereas the plane-strain 
condition simulates a thick section or the inner material (more constraints). There are 
three types of fatigue specimens recommended in ASTM E 647 (2011) for fatigue 
crack growth rate tests, namely the C(T) specimen (positive T-stress), M(T) specimen 
(negative T-stress), and ESE(T) specimen (mildly positive T-stress). This study 
focuses on two extremes of the out-of-plane constraints (plane-stress and plane-strain 
condition) and two extremes of the T-stresses (C(T) specimen for positive T-stress and 
M(T) specimen for negative T-stress). 
The planar FE models for C(T) and M(T) specimens utilize the Q8 plane-
stress and plane-strain elements. The load alternates between the minimum and the 
maximum load with the load ratio R = 0.0. After the first two cycles, the crack starts 
propagating with the initial crack length 0.30a W =  (at which ( )2max 0.0ya K σ∆ = ). 
The crack opening load is obtained in each cycle as elaborated in section 5.1.2 until 
the crack extends through its initial forward plastic zone, ( )2max 0.18ya K σ∆ = . A 
single overload with the overload ratio of, max 1.25ol olR K K= = , is then applied at 
( )2max 0.20ya K σ∆ = . The crack closure analyses continue running beyond the 
overload event until the stabilization curve reaches a steady-state condition. 
 The stabilization curves for these models as depicted in Figs. 5.7 and 5.8 show 
that the plane-stress crack opening loads increase monotonically and stabilized at 
maxopK K  of 0.43 for both C(T) and M(T) models. On the contrary, the plane-strain 
crack opening loads rise to the peak and then drop. For plane-strain C(T) specimen, 
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the crack opening loads eventually reduce to zero, implying that the PIFCC effect is 
insignificant at the steady-state condition. At ( )2max 0.18ya K σ∆ = , although the 
trend of the normalized crack opening load for M(T) specimen is declining, the 
maxopK K  value is substantially higher at the value of 0.28 as compared to 0.07 for 
the C(T) specimen. The crack opening level for the plane-stress condition is generally 
larger than that of the plane-strain condition, especially for the C(T) specimen. The 
plane-strain crack opening curve for M(T) specimens shows larger opK  values than 
those of C(T) specimens. The transient rise in each crack opening curve as introduced 
by an overloading event could slow down the fatigue crack growth rate in the 
overload-affected region. This effect is more prominent in the plane-stress C(T), 
plane-strain C(T), and the plane-strain M(T) models. From Fig. 5.8, overloading does 
not increase the normalized crack opening load for the plane-stress M(T) specimen, 
and causes a faster fatigue crack growth rate in the overload-affected region. 
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Fig. 5.7: Kop/Kmax for plane-stress and plane-strain C(T) specimens 
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Fig. 5.8: Kop/Kmax for plane-stress and plane-strain M(T) specimens 
 
5.3 THREE-DIMENSIONAL FEA OF PIFCC 
5.3.1 Thickness effect on crack opening loads 
 The shortcoming of the 2-D FE simulation is its disability to quantify the opK  
values along a realistic 3-D crack front, except for sheet-like or thick specimens. This 
study utilizes the 3-D FE models to examine the crack opening loads for C(T) and 
M(T) specimens with different thicknesses: 2T, 1T, 0.5T, 0.25T, 0.125T, and 0.0625T 
(T = 25.0 mm). Since the maximum stress intensity factors for all models are 56.13 
MPa m , the normalized stress intensity factor max yK K Bσ=  for these specimens 
equal to 1 2 , 1, 2 , 2, 2 2 , and 4, respectively. The through-thickness 
stabilization curves for various thicknesses are shown in Figs. 5.9a-5.9f for C(T) 




                                Finite element analysis of plasticity-induced fatigue crack closure 
 167 



















( )2max ya K∆ σ
maxopK K
 



















( )2max ya K∆ σ
maxopK K
 



















( )2max ya K∆ σ
maxopK K
 
Fig. 5.9: Kop/Kmax for 3-D C(T) specimens 
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Fig. 5.9(cont.): Kop/Kmax for 3-D C(T) specimens 
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Fig. 5.10: Kop/Kmax for 3-D M(T) specimens 
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Fig. 5.10(cont.): Kop/Kmax for 3-D M(T) specimens 
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For thick C(T) specimens (e.g., 2T or 1T), a large portion of the material over 
the thickness ( 0.5 0.90z B < ) experiences uniformly distributed low normalized crack 
opening load ( max 0.20opK K < ). Only the material near the free surface of the 
specimen ( 0.5 0.90z B > ) has high crack opening values and is approaching the 
plane-stress result. Therefore, the crack would propagate as the plane-strain condition 
since the majority over the thickness has low normalized crack opening load.  
 Figures 5.10e and 5.10f show that thin M(T) specimens have high normalized 
crack opening load similar to thin C(T) specimens. However, the through-thickness 
maxopK K  values for thicker specimens do not reduce significantly, even though the 
specimen is thick (2T) as shown in Fig. 5.10a. This effect is due to the negative T-
stress in M(T) specimen as observed by Fleck (1986) in plane-strain condition.  
 The reason why 1) the crack closure level near the free surface is higher than 
that of the inner material and 2) the crack closure level for the M(T) specimen is 
greater than that of the C(T) specimen, are clearly depicted by the stress triaxiality 








= ,       (5.2) 
where mσ  is the mean hydrostatic pressure, and eσ  is the von Mises stress. Figures 
5.11a-f display the stress triaxiality ratios along the crack planes of C(T) and M(T) 
specimens. Only thicknesses of 1T, 0.25T, and 0.0625T are exemplified at the 
maximum load of the first load cycles.  
 
 



















































































Fig. 5.11: Triaxiality ratio contours for C(T) and M(T) specimens 
 

















































































Fig. 5.11(cont.): Triaxiality ratio contours for C(T) and M(T) specimens 
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In general, all figures show that the stress triaxiality ratio is higher for the inner 
material ( 0.5 0.8<z B ), and gradually declines to zero at the free surface ( 0.5 1z B = ). 
Higher reductions in stress triaxiality ratios are observed for thin specimens, and the 
whole section can be considered as the plane-stress condition. In addition to the 
negative T-stress effect, these figures show that the M(T) specimens generally have 
less stress triaxiality ratio behind the current crack front than the C(T) specimens, 
which indicates the expected higher crack closure level (similar to plane-stress 
condition even for rather thick M(T) specimen). 
5.3.2 Overload effect on crack opening loads 
 As suggested by Wheeler (1972), the crack closure is from the plasticity left 
behind the crack tip, and 3-D finite element analyses with overloading are adopted to 
study the phenomenon. Figures 5.9a-f show the C(T) specimens after the overload 
event, ( )2max 0.20ya K σ∆ > , the normalized crack opening loads generally increase 
over the entire crack front, especially for the material near the mid-thickness of thick 
specimens. This transient effect affects the region smaller than the size of the 
overloaded plastic zone (by assuming 2yr K∝ ). However, the fatigue crack growth 
rate is significantly retarded. 
 Overload studies for M(T) specimens are conducted and shown in Fig. 5.10a-f. 
Since the normalized crack opening load before overloading of M(T) specimen is high, 
the overload effect on the crack closure level is relatively small for thick specimens, 
and is negligible or has reversed effect (increase the fatigue crack growth rate because 
the maxopK K  value is reduced after overloading) for the specimens thinner than 
0.125T. This incidence coincides with the plane-stress simulation of M(T) specimen 
in Fig. 5.8.  
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5.3.3 Side-grooving effect on crack opening loads 
 Section 5.3.1 illustrates that the C(T) specimen experiences localized high 
crack opening load near the free surface although the specimen is relatively thick, e.g., 
2T or 1T. In order to minimize the plasticity-induced fatigue crack closure effect 
during the fatigue test, which is conservative during the design stage, this study 
utilizes the side grooving recommendation from the plane-strain fracture toughness 
test standard ASTM E 1820 (2008). The material on both sides along the crack plane 
is grooved to promote more plane-strain condition that of the plain-sided specimen. 
Typical finite element model of the side-grooved C(T) specimen, namely CG(T), is 
shown in Fig. 5.12. This study employs the groove angle, Gθ = 45
o and a net thickness 
of 0.8NB B= , to the original C(T) specimens with the gross thicknesses of 2T, 1T, 
and 0.5T. The mesh in the side of the side-grooved C(T) model is similar to the planar 






Fig. 5.12: FE model and geometries of side-grooved C(T) specimen  
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To compare the effect of the side groove, three new finite element C(T) 
specimens are created to have similar thicknesses as the grooved specimens including 
1.6T, 0.8T, and 0.4T. Similarly, fatigue crack extension is simulated by the node-
release technique. Figure 5.13c (1T side-grooved C(T) specimen) shows that 
additional constraint (stress triaxiality ratio as in Eq. (5.2)) near the free surface is 
































































Fig. 5.13: Triaxiality ratio contours for side-grooved C(T) specimens  
 










































































Fig. 5.13(cont.): Triaxiality ratio contours for side-grooved C(T) specimens 
  
Although the low constraint at the free surface ( 0.5 1Nz B = ) of side-grooved 
specimens cannot be totally eliminated, the constraint in the region of 
0.5 0.8 0.9Nz B = −  is substantially improved and the crack closure effect is 
anticipated to be less than the plain-sided specimens. For example, Fig. 5.14d shows 
that the stable normalized crack opening load at 0.5 0.966Nz B =  is 0.30 compared 
the value of 0.43 in Fig. 5.14c for ungrooved 0.8T C(T) specimen, 0.5 0.966z B = . 
Likewise, side grooving could minimize the high crack closure level near the free 
surface for either the gross thicknesses of 2T or 0.5T specimens. However, 2T (50 
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mm) is too thick to be used as fatigue testing specimens, and therefore used only for 
illustration in this chapter. Comparing 0.5T and 1T specimens with side-grooving, the 
thicker section promotes more plane-strain condition. The through-thickness average 
normalized crack opening loads for these specimens are shown in Fig. 5.15(a).  
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Fig. 5.14: Kop/Kmax for plain-sided and side-grooved C(T) specimens 
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In addition to 45o groove angle, the other two groove angles of 63.43o and 
26.57o are compared for 1T original thickness. The stress triaxiality ratio contours 
along the crack plane (Figs. 5.13b and 5.13d) reveal that the side groove inhibits the 
crack closure effect in the region of 0.5 0.8 0.9Nz B = − , even though large groove 
angle is considered (Fig. 5.13b). The normalized crack opening load for Gθ = 63.43
o 
and 26.57o are shown in Fig. 5.14g and 5.14h. Generally, the less groove angle 
weakens the crack closure effect near the free surface, at 0.5 0.966Nz B = , from 0.34 
to 0.30 and 0.27 for the groove angles of 63.43o, 45o, and 26.57o, respectively. 
However, the through-thickness average normalized crack opening load of the 
specimens with the groove angles of 45o and 26.57o are relatively close as shown in 
Fig. 5.15(a). Since the 45o groove angle is easier to fabricate precisely and has been 
accepted in ASTM E 1820 (2008), this 1T 45o grooved C(T) specimen is suggested 
for the fatigue crack growth rate measurement to minimize the plasticity-induced 
fatigue crack closure effect. The fatigue test results will be shown in the next chapter 
to validate the FE results. 
 
5.4 SUMMARY 
This chapter examines the plasticity-induced fatigue crack closure behavior in 
compact tension (positive T-stress) and middle tension (negative T-stress) specimens, 
by using node-release technique. Three-dimensional finite element analyses are used 
to investigate the thickness and side grooving effect. The present study demonstrates 
the superiority of the 3-D FEA of PIFCC than the 2-D FEA of PIFCC since it is able 
to validate the crack closure level over the thickness. The through-thickness average 
of crack opening load and stress triaxiality ratios can be used to justify whether the 
fatigue specimen is sufficiently thick. 
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In order to predict the remaining fatigue life in full-scale structure using the 
fatigue crack growth rate obtained from the fatigue specimens, eliminating the embedded 
crack closure resulting from the specimen geometry is crucial. Using the inappropriate 
specimen to compute the remaining fatigue life may grossly mislead the designs. Figure 
5.15(a) show that the M(T) specimen has high crack closure level compared to that of 
C(T) specimen, although considering both specimens when they are thicker than 0.5T. 
This result implies that at similar applied stress intensity factor range, the fatigue crack 
growth rate in the M(T) specimen is much slower than that of the C(T) specimen. 
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Fig. 5.15: Average normalized crack opening load for various specimens 
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 The ASTM E 647 (2011) standard allows the range of thicknesses for C(T) 
and M(T) specimens of 0.05W ≤ B ≤ 0.25W and 0.125W ≤ B ≤ 0.25W, respectively. 
Figure 5.15(a) displays the corresponding applicable ranges for both specimens for 
the specimen widths in this study. For C(T) specimen, the thickness of 0.25W is 
insufficient for carrying out the fatigue test since the normalized crack opening load is 
in the transition of thick and thin sections. The specimen thickness of 0.5W (or 1T for 
W = 50.0 mm) is suggested instead of 0.25W and the specimens thinner than 0.125W 
should be ignored since the normalized crack opening load reveals that they are in the 
plane-stress condition. The crack closure levels of the M(T) specimens with the 
thicknesses of 0.25W and 0.5W are different by about 5.30%, and this study unveils 
that the thickness of 0.25W is still acceptable but the thinner sections than this should 
be avoided. The usage of M(T) specimen to determine fatigue crack growth rate is not 
recommended since its high crack closure level generates slow fatigue crack growth 
rate. The M(T) specimen should be adopted only when the full-scale structures to 
estimate the remaining fatigue life has the negative T-stress.   
Although the thick C(T) specimen is used to reduce this crack closure effect, 
the significant amount of crack closure level still exists. Results from this study 
suggest the use of 1T C(T) specimens with 45o side-grooving acquired from ASTM  
E 1820 (2008), which provide more constraint near the free surface than that of the 
plain-sided specimens. The side grooving relieves the fatigue crack closure effectively. 
In addition, the strict plane-strain condition from side-grooving reflects the actual 
fatigue crack in full-scale CHS X-joints in Chapter 4. The existence of the appropriate 
fatigue specimen will be verified experimentally in Chapter 6. The plane-strain 
fatigue crack growth rate will be obtained from this specimen to estimate the crack 
closure level of the full-scale PJP+ welded CHS X-joints in Chapter 7.  
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 Overload can be introduced to enhance the fatigue life in the overload-affected 
region in fatigue specimens since this overload event decreases the crack closure level, 
providing that the overload does not cause excessive deformation, ductile crack 
extension, or approach the fracture toughness. Figure 5.15(b) illustrates that this 
method is effective for C(T) or CG(T) specimens, or the cracked-structures with high 
constraints (thick section and possessing positive T-stress). However, the overload 
event does not enhance the fatigue life in M(T) specimens or low constraint 
specimens (thin section and possessing negative T-stress). Overload effect on fatigue 
specimens will be shown experimentally in Chapter 6 to verify these FE results. The 
benefit of the overload on full-scale fatigue test of PJP+ welded CHS X-joints will be 
discussed in Chapter 7. 
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CHAPTER SIX 
CHAPTER 6: PLASTICITY-INDUCED FATIGUE CRACK 






6.1 OVERVIEW OF TESTING PROGRAM 
 In order to verify the fatigue crack closure levels in different types of specimens 
and thicknesses observed in the numerical study presented in Chapter 5, several fatigue 
specimens are cut from the tubular joint J1-1F (Chapter 4). The materials are taken from 
locations near the middle fiber of the chord and far from the brace-to-chord intersection 
to minimize the effect of residual stresses. The materials in these fatigue specimens 
follow the L-T orientation (the loading direction of the specimen is parallel to the 
rolling direction). Starter notch on each fatigue specimen is introduced by the electrical-
discharge machine (EDM). The C(T) specimens have a nominal width of 50.0 mm, an 
initial notch length of 10.0 mm, and the thicknesses of 25.0 mm, 12.5 mm, 6.25 mm, 
and 3.12 mm. The side-grooved C(T) specimens have similar in-plane dimensions to 
the plain-sided C(T) specimens, with the nominal gross thickness of 25.0 mm and the 
net thickness of 20.0 mm. The M(T) specimens have the nominal width of 100.0 mm, 
an initial notch length of 20.0 mm, and the thicknesses of 22.0 mm and 12.5 mm. The 
drawings for all C(T) and M(T) specimens are displayed in Appendix D. 
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 All fatigue specimens are tested using a closed-loop servo-hydraulic actuator. 
The load-controlled cyclic loads are applied via loading pins for C(T) specimens but 
via gripping jaws for M(T) specimens. The plain-sided and side-grooved C(T) 
specimens are loaded at 5 Hz whereas the M(T) specimens are tested at 2.5-3 Hz 
(depending on the load level). The crack opening displacement (COD) gauge is 
mounted at the crack mouth of the C(T) specimen and at the middle of the M(T) 
specimens as shown in Fig. 6.1. The digitized synchronous load and COD values are 
acquired at equal time intervals, i.e., 100 scans per cycle to satisfy the requirement in 
ASTM E 647 (2011) for calculations of fatigue crack opening loads. 
 





Fig. 6.1: Fatigue test setup for C(T) and M(T) specimens 
 
Before each test, the specimen is precracked in order to produce sharp crack tip 
with an initial straight crack front. Since the as-fabricated notch length is shorter than 
the nominal notch length for all specimens, the precrack loading cycles continue until 
the crack lengths are, a = 10.0 mm and 2a = 20.0 mm for C(T) and M(T) specimens, 
respectively. The crack length for C(T) specimens is computed by the compliance 
method documented in ASTM E 647 (2011). The compliance is calculated from the 




=ℂ .       (6.1) 
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.      (6.2) 
 The normalized crack length is computed from,  
2 3 4 5
0 1 2 3 4 5x x x x x
a
c c u c u c u c u c u
W
= + + + + + .   (6.3) 
When the COD gauge is mounted at the crack mouth of C(T) specimen  
(Fig. 6.1a), ASTM E 647 (2011) provides the coefficients in Eq. (6.3) as 0 1.0010c = , 
1 4.6695c = − , 2 18.460c = , 3 236.82c = − , 4 1214.9c = , and 5 2143.6c = − . 
 However, the crack length formula by the compliance method in ASTM E 647 
(2011) requires the pin microgauge inserting into the M(T) specimen. The unavailability 
of this instrument leads to a modification of COD gauge to measure the local compliance 
at the specimen surface as shown in Fig. 6.1(b). The fatigue crack length based on the 
compliance value at this location is calibrated against the fatigue crack length 










Fig. 6.2: Typical load-displacement curve 
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6.2 COMPLIANCE OFFSET METHOD 
 There are several proposed methods to examine the plasticity-induced fatigue 
crack closure in fatigue specimens by means of the normalized crack opening load, 
maxopP P , for example, linear/quadratic splines, compliance offset, and correlation 
coefficient methods. The PIFCC phenomenon exists in the test specimens if the crack 
opening load is greater than the minimum applied load, minopP P> . In this chapter, 
only the compliance offset method is considered since it is 1) standardized in ASTM 
E 647 (2011) and 2) more suitable for structural steels than the linear/quadratic 
splines method (Skorupa et al., 2007).  
 In ASTM E 647 (2011), the digitized load and crack opening displacement (at 
the crack mouth for C(T) specimens and at the centerline for M(T) specimens) data are 
collected with the minimum sampling rate of 100 scans/cycle. For the unloading curve, 
the upper segment (25% of the force range with the maximum force in this segment is 
not less than 90% of the maximum force) is fitted with the least squares method in 








Fig. 6.3: Compliance when the crack is fully opened 
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For the loading curve, starting from 95% of the maximum force, the segment 
with 10% of the force range is correlated for the compliance, ℂ , and its corresponding 
mean force, meanP , for that particular segment (Fig. 6.4). The compliance offset value is, 


















Fig. 6.4: Compliance for each mean load 
 





Fig. 6.5: Crack opening load determined from compliance offset 
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The compliance offset values are computed for every 10% force range segment 
towards the minimum load, with the overlapping force range of 5%. The mean force for 
a particular segment and its corresponding compliance offset value is plotted as shown 
in Fig. 6.5. The crack opening forces are reported at different offset values including 
1%, 2%, and 4%. ASTM E 647 (2011) stipulates that at least the crack opening load at 
2% compliance offset value must be reported.  
Although this method is conceptually simple, determination of the precise 
fatigue crack opening load is difficult in practice since the loading/unloading curve is 
nonlinear (similar to the yield stress determination for tensile tests) and contains noise. 
These cause the significantly scattered fatigue crack opening loads. Several 
researchers attempt to minimize the scattering level of the computed crack opening 
loads in aluminum alloys, for example, reduction of the signal noise by the low-pass 
filter proposed by Kim and Song (1993), the normalized compliance offset method by 
Song et al. (2005), and the normalized-extended compliance offset method by Chung 
and Song (2009). Skorupa et al. (2007) carry out the fatigue test on structural steels 
and show that the crack opening results using the normalized compliance offset 
method is less scattered than the traditional compliance offset method.  
However, the original compliance offset method in ASTM E 647 (2011) 
remains as a main tool for estimation of fatigue crack closure level in this thesis 
regardless of the current research stream due to 1) it has already been standardized in 
ASTM, and 2) it does not require alteration of the load-displacement signal before 
calculation of the crack opening loads. The scattered normalized crack opening load 
values are treated by using the moving average over 500 load cycles. 
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6.3 SPECIMEN TYPE AND THICKNESS EFFECTS 
This section shows the experimental crack closure results by the compliance 
offset method, for both C(T) and M(T) specimens of various thicknesses. There are 
four thicknesses of plain-sided C(T) specimens, namely, including 1T, 0.5T, 0.25T, 
and 0.125T, and side-grooved C(T) specimens with the 1T (25.0 mm) gross thickness 
and the 0.8T (20.0 mm) net thickness. For M(T) specimens, only the thicknesses of 
0.88T and 0.5T are tested. The C(T) and M(T) specimens of various thicknesses are 
exemplified in Figs. 6.6 and 6.7. 
 
(a) 1T (side-grooved)          (b) 1T                     (c) 0.5T          (d) 0.25T   (e) 0.125T 
 





Fig. 6.7: As-fabricated M(T) specimens 
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Three types of tests are used to confirm the PIFCC phenomenon including Set 
1 for the fatigue crack growth rate test, Set 2 for a constant Kmax = 56.13 MPa m  test, 
and Set 3 for a constant Kmax = 39.69 MPa m . The load ratio, R = 0.1, is applied to 
all of the fatigue tests in this thesis. Table 6.1 shows all tests but the test of 0.125T 
C(T) at Kmax = 39.69 MPa m  is abandoned as the applied load range falls below the 
sensitivity range of the 250 kN load cell. Before the test, fatigue precracking with the 
Kmax, precrack = 0.70Kmax, initial are done on all C(T) specimens until the fatigue crack 
length a = 10.0 mm is achieved. The shorter precrack length than the specified value 
in ASTM E 647 (2011) ensures that the initial crack front is straight, since tunneling 
along the crack front has not yet taken place. However, there is no fatigue precrack in 
the M(T) specimens due to difficulties in visual crack measurement. 
 
Table 6.1: Fatigue specimens for PIFCC analysis 
Specimens Set 1 Set 2 Set 3 
  1T CG(T) √ √ √ 
  1T C(T)  √ √ √ 
  0.5T C(T)  √ √ √ 
  0.25T C(T)  √ √ √ 
  0.125T C(T) √ √ - 
  0.88T M(T) √ √ - 
  0.5T M(T) √ √ - 
 
 For each of the tests in Set 1, the constant-amplitude loading is adopted. The 
maximum load is computed from the initial condition of Kmax = 28.06 MPa m  at a = 
10.0 mm. As the crack propagates, the stress-intensity factor increases. This K-
increasing test allows the measurement of fatigue crack growth rate at different 
applied stress intensity factor ranges. In addition, the subsequent fatigue crack growth 
rate data is not disturbed by the previous larger plastic zone size.  
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Figure 6.8 shows all the fatigue crack growth curves from Set 1 tests. The fatigue 
crack growth rate of the 1T CG(T) specimen is the fastest among those of Set 1 specimens, 
similar to the prediction in Chapter 5 that this type of specimen is closest to the plane-
strain condition. The amount of plasticity-induced fatigue crack closure is minimized. 
The fatigue crack growth rate of the side-grooved compact tension specimen is even 
faster than that of the plain-sided 1T C(T) specimen, although the net thickness is 20% less.  
For the other plain-sided C(T) specimens, as the thickness decreases, the 
fatigue crack growth rate is slower. The reason for this is elaborated in Chapter 5, the 
plastic zone size in the thin specimens (closer to the plane-stress condition than the 
thick ones) is larger than that of in the thick specimens as a result of constraint loss in 
the thickness direction. This larger plastic zone in thin specimens leads to more 
pronounced plasticity-induced fatigue crack closure effects (slower fatigue crack 
growth rate) than those of the thick specimens.  
The effect of through-thickness constraint is also exhibited in M(T) specimens, 
the fatigue crack growth in 0.5T M(T) specimen is much slower than that of the 0.88T. 
The fatigue crack growth rate in the thickest M(T) specimen in this study, 0.88T M(T), 
is, however, less than that of the thinnest C(T) specimen, 0.125T C(T). Figure 6.8 
shows the strong evidence that even for the same material properties, tests conducted 
using different specimen geometries influence significantly on the fatigue crack 
growth rates. The ratio of the number of loading cycles required to achieve the equal 
crack length a = 30.0 mm for 0.5T M(T) and 1T CG(T) is 2.23 times. 
Figures 6.9-6.15 show the plots of the fatigue crack growth rate (derived from 
Fig. 6.8) against the applied stress intensity factor range, ∆K, for all specimens. The 
Paris constants are regressed in the linear part in the bi-logarithmic scales, ∆K = 30-50 
MPa m  (shown as triangles in these figures). The values are listed in Table 6.2. 
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Fig. 6.9: Fatigue crack growth rate curve for 1T CG(T) specimen 
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Fig. 6.11: Fatigue crack growth rate curve for 0.5T C(T) specimen 
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Fig. 6.13: Fatigue crack growth rate curve for 0.125T C(T) specimen 
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Table 6.2: Paris constants for fatigue specimens 
Specimen c m R2 
  1T CG(T)  21.9793×10-11 2.1242 0.9949 
  1T C(T)  17.5620×10-11 2.1610 0.9945 
  0.5T C(T)  11.5461×10-11 2.2524 0.9904 
  0.25T C(T)  6.4764×10-11 2.4198 0.9887 
  0.125T C(T)  2.9891×10-11 2.6207 0.9755 
  0.88T M(T)  8.5852×10-13 3.3926 0.9825 





















































Fig. 6.16: Comparisons of fatigue test results  
 
Table 6.2 shows the values of Paris constants for different fatigue specimens. 
For the highest constraint specimen in this study, 1T CG(T), the highest value of c and 
the lowest value of m are observed. In contrast, the weakest constraint specimen, 0.5T 
M(T), registers the least value of c but the steepest constant m. Figure 6.16 compares 
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the stage II region of all specimens with the recommended constants for structural 
steels in the available design guidelines, BS 7910 (2005), IIW (2007), and the 
experimental results from Johnston (1983) for structural steels. The present fatigue 
test results for C(T) specimens lie in between these curves. However, the M(T) 
specimen has the slope m steeper and the fatigue crack growth rate at the similar 
applied stress intensity factor range is slower than the results obtained from Johnston 
(1983). At ∆K = 30-40 MPa m , the fatigue crack growth rate of 1T CG(T) is faster 
than 1T C(T), 0.5T C(T), 0.25T C(T), 0.125T C(T), 0.88T M(T), and 0.5T M(T), 
respectively.  
 Figures 6.17-6.23 show the normalized crack opening loads with respect to the 
maximum applied stress intensity factors obtained from Set 1 tests. The compliance 
offset method is used and the mean load at 1%, 2%, and 4% are reported. The 
maxopK K  value at the offset value of 1% is greater than the offset values of 2% and 
4%, respectively. These figures illustrate that the level of plasticity-induced fatigue 
crack closure depends on the stress intensity factor level. For each type of specimen, 
the maximum normalized crack opening load is in the Paris region, Kmax = 30-50 
MPa m . The amount of crack closure reduces significantly when Kmax exceeds  
60 MPa m . This explains why all the fatigue crack growth rate data converge to the 
same point at ∆K = 58 MPa m . The level of fatigue crack closure is minimal 
compared to the maximum stress intensity factor. The fatigue crack growth rate at this 
stage (region III) is controlled by the maximum stress intensity factor, which 
approaches the material fracture toughness. The normalized crack opening loads at the 
compliance offset value at 2% for different specimen types and thicknesses are 
depicted in Fig. 6.24.  
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Fig. 6.18: Normalized crack opening loads for 1T C(T) (Set 1) 
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Fig. 6.20: Normalized crack opening loads for 0.25T C(T) (Set 1) 
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Fig. 6.22: Normalized crack opening loads for 0.88T M(T) (Set 1) 
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 Figures 6.25 to 6.38 show the fatigue crack growth curve and the 
corresponding normalized crack opening loads (at 1%, 2%, and 4% compliance offset 
values) from tests of Set 2 for 1T CG(T), 1T C(T), 0.5T C(T), 0.25T C(T), 0.125T 
C(T), 0.88T M(T), and 0.5T M(T) specimens. In these tests, the constant values of 
Kmax = 56.13 MPa m  is applied from the crack length a = 10.0 mm to 20.0 mm. At a 
= 20.0 mm, we impose a single overload with the overload stress intensity factor of 
Kol = 1.25Kmax. This is followed by the same level of constant Kmax = 56.13 MPa m  
until the crack length a = 30.0 mm is achieved. The crack growth and normalized 
crack opening loads for 0.125T C(T) with the crack length beyond 25.0 mm is absent 
since the applied load range in this region falls below the sensitivity range of the 250 
kN load cell.  
Similar to Set 2, the fatigue crack growth curve and corresponding normalized 
crack opening loads from Set 3 tests for 1T CG(T), 1T C(T), 0.5T C(T), and 0.25T 
C(T) specimens, are shown in Figs. 6.39-6.46. The constant value of Kmax = 39.69 
MPa m  is applied from the crack length a =10.0 mm to 20.0 mm. The single 
overload is induced at a = 20.0 mm with the overload stress intensity factor of Kol = 
1.25Kmax. The constant value of Kmax = 39.69 MPa m  is again imposed until the 
crack length a = 25.0 mm is achieved. For 0.88T M(T) and 0.5T M(T) specimens 
from Set 2 and 1T CG(T) and 1T C(T) specimens from Set 3, an additional single 
overload is introduced with the overload stress intensity factor of Kol = 1.5Kmax for 
each case. This is to trigger the overload-induced fatigue crack closure which is 
minimal at Kol = 1.25Kmax in these specimens. The constant Kmax test is resumed until 
the crack length reaches 30.0 mm. 
 
 




















Before overload at 20 mm
After overload at 20 mm
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Before overload at 20 mm
After overload at 20 mm
 





















Fig. 6.30: Normalized crack opening loads for 0.5T C(T) (Set 2) 
 




















Before overload at 20 mm
After overload at 20 mm
 




















Fig. 6.32: Normalized crack opening loads for 0.25T C(T) (Set 2) 
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Normalized crack length, cα  
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Figure 6.47 shows the fatigue crack growth curves from the first 10.0 mm 
fatigue crack propagation of Set 2 tests. Similar to the Set 1 tests, the effect of 
constraint is pronounced in the average fatigue crack growth rates and the average 
normalized crack opening loads (see Table 6.3). At a similar applied stress intensity 
factor (Kmax = 56.13 MPa m ) to propagate the fatigue crack over the equal length 
(10.0 mm), a 1T CG(T) specimen requires the least number of cycles and hence the 
fatigue crack grows the fastest. The fatigue crack growth rate of 1T C(T), 0.5T C(T), 
and 0.25T C(T) specimens are close to each other and slower than that of the 1T CG(T) 
specimen. This is due to the high PIFCC level in the 1T C(T) specimen 
( ,2% max 0.2048opK K =  compared to 0.1928 of C(T) 0.5T). In contrast, the low PIFCC 
level observed in the 0.25T C(T) specimen ( ,2% max 0.1435opK K = ), induces the faster 
fatigue crack growth rate when compared to the 0.5T C(T) specimen. The fatigue 
crack growth rates of these specimens are still faster than that of those of the 0.125T 
C(T), 0.88T M(T), and 0.5T M(T) specimens, respectively. The Set 2 test results 
witness the effect of specimen geometry and thickness on the fatigue crack growth 
rate, despite being fabricated from the same material. The fatigue crack growth rate of 
1T CG(T) (highest constraint) specimen is 1.96 times faster than the that of the 0.5T 
M(T) (lowest constraint) specimen. 
A clearer distinction of the thickness effect on the fatigue crack growth rates 
for C(T) specimens of Set 3 is observed in Fig. 6.48. The specimens in the order of 
having the fastest fatigue crack growth rate to the slowest one are: 1T CG(T), 1T C(T), 
0.5T C(T), and 0.25T C(T). The average fatigue crack growth rates, and the average 
normalized crack opening loads over the fatigue crack length a = 10.0-20.0 mm for 
Set 3 tests are tabulated in Table 6.4. The rises in maxopK K  values as the thickness 
reduces indicate clearly the loss of the out-of-plane constraints.  
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[m/cycle] 1% 2% 4% 
  1T CG(T)  8.7233×10
-7 0.1489 0.1412 0.1225 
  1T C(T)  7.5306×10-7 0.2205 0.2048 0.1732 
  0.5T C(T)  7.5008×10-7 0.2314 0.1928 0.1455 
  0.25T C(T)  7.5417×10-7 0.1592 0.1435 0.1222 
  0.125T C(T)  6.8236×10-7 0.2373 0.2176 0.1857 
  0.88T M(T)  5.5333×10-7 0.2399 0.2326 0.2197 
  0.5T M(T)  4.4444×10-7 0.2591+ 0.2496+ 0.2365+ 
 
          +   Obtained from 2a/W = 0.32 – 0.38  
 




[m/cycle] 1% 2% 4% 
  1T CG(T)  4.0222×10
-7 0.1647 0.1528 0.1312 
  1T C(T)  3.7579×10-7 0.1968 0.1782 0.1389 
  0.5T C(T)  3.6204×10-7 0.2116 0.1821 0.1485 
  0.25T C(T)  2.9604×10-7 0.2925 0.2606 0.2182 
 
 
Table 6.5: Effect of overload on elapsed cycles for Set 2 tests 
Elapsed cycles in the crack length of 
Specimen 
15-20 mm 20-25 mm 25-30 mm 
  1T CG(T)  5,850 6,005 5,566 
  1T C(T)  6,780 6,979 6,541 
  0.5T C(T)  6,725 11,161 7,155 
  0.25T C(T)  6,643 7,154 5,514 
  0.125T C(T)  7,103 7,650 - 
  0.88T M(T)  9,375 8,750 10,000 
  0.5T M(T)  10,625 13,750 12,500 
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Table 6.6: Effect of overload on elapsed cycles for Set 3 tests 
Elapsed cycles in the crack length of 
Specimen 
15-20 mm 20-25 mm 25-30 mm 
  1T CG(T)  12,408 12,420 12,988 
  1T C(T)  13,287 13,844 16,200 
  0.5T C(T)  13,670 16,925 13,931 
  0.25T C(T)  16,860 16,557 17,415 
 








  1T CG(T)  0.1556 0.1874 0.1565 
  1T C(T)  0.2421 0.2608 0.2344 
  0.5T C(T)  0.2334 0.4229 0.3505 
  0.25T C(T)  0.1605 0.2994 0.1615 
  0.125T C(T)  0.2247 0.3017 0.2020 
  0.88T M(T)  0.2366 0.3107 0.2688 
  0.5T M(T)  0.2952 0.3215 0.3048 
 








  1T CG(T)  0.1762 0.1869 0.1742 
  1T C(T)  0.2078 0.2320 0.2284 
  0.5T C(T)  0.2434 0.2777 0.2443 
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Tables 6.5 and 6.6 illustrate the effect of overload on the fatigue crack growth 
behavior for Set 2 and Set 3 tests, respectively. The elapsed cycles over the crack 
propagation length 5 mm are tabulated at three different stages (i) before overloading 
(a = 15-20 mm), (ii) after overloading with the overload ratio Rol = 1.25 (a = 20-25 
mm), and (iii) long after overloading (a = 25-30 mm). The overload event increases 
marginally the number of cycles required to propagate the crack to the similar crack 
length, although the normalized fatigue crack opening load increases considerably for 
all specimens (Tables 6.7 and 6.8). The effect of overload on the fatigue crack growth 
rate is transient and the plasticity-induced fatigue crack closure level resumes quickly 
to the steady-state value.   
Since the use of overload ratio Rol = 1.25 does not retard the fatigue crack 
propagation in some specimens, the additional overload tests are conducted at the 
crack length 25 mm with Rol = 1.5 on 0.88T M(T) and 0.5T M(T) specimens from  
Set 2 tests, and 1T CG(T) and 1T C(T) from Set 3 tests. The number of cycles between 
a = 25-30 mm for these specimens in Tables 6.5 and 6.6 represent the elapsed cycles 
after this overload event. The apparent fatigue crack retardation is observed on 0.5T 
M(T) (Set 2) and 1T C(T) (Set 3) specimens. However, the increases in elapsed cycles 
are still limited in the 0.88T M(T) (Set 2) and 1T CG(T) (Set 3) specimens (only 
6.67% and 4.67% gained in the total number of cycles, respectively). The overloading 
on the specimen results in an unfavorably blunted crack tip due to a high stress 
intensity factor, as exemplified in Fig. 6.49 for 0.88T M(T) specimen. In this case, the 
overload stress intensity factor, Kol = 84.20 MPa m , is very high compared to the 
fracture toughness of this material, Kc = 100.0 MPa m . The fracture toughness value 
for fatigue specimens in this study is obtained from the fatigue fracture stress intensity 
factors (Set 1 tests) and the ultimate loads of cracked specimens (Set 2 and Set 3 tests). 
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Fig. 6.49: Severely deformed 0.88T M(T) specimen after 50% overload 
 
6.4 COMPARISONS OF FE AND EXPERIMENTAL RESULTS  
6.4.1 Cyclic stress-strain curves 
 Section 2.1.3.1 elaborates that the material properties under cyclic loading and 
monotonic loading are different. The cyclic coupons are fabricated according to 
ASTM E 606 (2004) and cut from the tubular X-joint specimen J1-1F in the L-T 
orientation. Figure 6.50 shows the typical test setup in the 1000 kN test rig, consisting 
of the hydraulic flat grips clamped to the specimen to facilitate cyclic tension-
compression test. During the test, the total strain reading from the axial extensometer 
is monitored and controlled. All tests are conducted at a low strain rate of 
5 410 10ε − −≈ −ɺ  1/s, reflecting the quasi-static condition.  
Two specimens, C1 and C2, are tested at multiple total strain ranges including 
ε = ±0.002, ±0.005, ±0.0075, ±0.01, and ±0.0125, for a few cycles. The specimen C2 
is further loaded, unloaded, and reloaded, to failure on the tension-side only (see Fig. 
6.51b) to avoid plastic buckling. The true stress-strain data are calculated from the 
procedure in Appendix C, and shown in Fig. 6.51 and 6.52. 
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extensometer
          






















Fig. 6.51: Cyclic stress-strain curve of coupon C1 
 
 



















































(b) large strain range
 
Fig. 6.52: Cyclic stress-strain curve of coupon C2 
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True strain
































CHORD: C1 & C2
 
Fig. 6.53: Comparison of cyclic and monotonic stress-strain curves 
 
The tips of the tension part for several strain amplitudes at the stable loop are 
plotted and joined to form the true cyclic stress-strain curve. This method is similar to 
that adopted previously by Landgraf et al. (1969) and Raske and Morrow (1969).  
Figure 6.53 compares the true cyclic stress-strain curves and monotonic stress-strain 
curve. The cyclic true stress-strain curves obtained from both tests agree very well at 
the strain amplitude less than 0.0125. Therefore, only the specimen C2 is used to 
compute cyclic material properties.  
Over a number of cycles of straining, the yield point and yield plateau (of 
structural steels) is removed, as previously observed by Raske and Morrow (1969), 
leading to the gradual change of the cyclic stress-strain curve. Therefore, it cannot be 
expressed exactly by using only one term in the linear kinematic hardening model,  
Eq. (2.56a), or the nonlinear kinematic hardening model, Eq. (2.56b). Chaboche (1986) 
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suggests that the linear combination of both kinematic hardening backstress terms 







= ∑x x ,       (6.5) 
where ix  is the individual backstress. Chaboche and Rousselier (1981) use two 
nonlinear kinematic hardening terms and one linear kinematic hardening term to 
express the accurate cyclic stress-strain curve as, 
( ) ( )1 21 2 3
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Fig. 6.54: Regressed and measured true cyclic stress-strain curve 
 
The cyclic stress-strain curve from specimen C2 represents the cyclic material 
properties for tubular X-joints and fatigue specimens under a large plastic 
deformation. The Young’s modulus 203E =  GPa, Poisson’s ratio 0.3ν = , and yield 
strength 335yσ =  are used. The kinematic hardening constants in Eq. (6.6) are 
nonlinearly regressed with the coefficient of determination 2 0.9984R = . These 
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constants are 1 103,560C =  MPa, 1 2,332γ = , 2 21,929C =  MPa, 2 246.58γ = , and 
3 736.58C =  MPa. Figure 6.54 elucidates that the regressed curve agrees with 
experimental curve from small strain level to failure strain.  
6.4.2 Revised FE results and comparisons with the experiments 
In this section, finite element analyses of plasticity-induced fatigue crack 
closure are carried out and the results are compared with the crack closure levels on 
different types of specimens and thicknesses. Similar finite element models adopted in 
Chapter 5 for CG(T), C(T), and M(T) are employed. The elastic and nonlinear 
kinematic hardening material properties obtained from the cyclic coupon tests (section 
6.4.1) are included into these FE models. Fatigue crack propagation is simulated via 
the node-release technique and the normalized crack opening loads at various 
locations across the thickness are acquired. Equation (5.1b) represents the through-
thickness average normalized crack opening loads obtained from finite element results. 
6.4.2.1 Comparisons of fatigue crack closure levels 
The through-thickness average normalized crack opening loads from finite 
element results are compared with those obtained from the tests of Set 2 (constant 
maxK  = 56.13 MPa m ) at the similar normalized crack length, cα , as depicted in 
Figs. 6.55 to 6.61. Only the normalized crack opening loads at the compliance offset 
value of 1% and 2% are reported since they represent the onset of fatigue crack 
opening stage.  
The FE solutions agree with the experimental results (2% compliance offset) for 
the specimens having high out-of-plane constraints including 1T CG(T), 1T C(T), and 
0.5T C(T). Similar to the results reported in Chapter 5, as the specimen becomes thinner, 
the normalized crack opening load increases. However, the experimental normalized 
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crack opening load of 0.25T C(T) is lower than that of the 0.5T C(T). This leads to the 
significantly overestimated fatigue crack closure levels in 0.125T C(T) specimen. 
Although the 0.88T M(T) and 0.5T M(T) specimens have higher constraint than that 
of the 0.125T C(T) specimen, FE results overstate the normalized crack opening loads 
for the 0.88T M(T) and 0.5T M(T) specimens by only 12.13% and 3.41%, 
respectively, compared to the experimental normalized crack opening loads at 1% 
compliance offset value, respectively.  
 However, the prediction of the normalized crack opening load from FEA of 
PIFCC misrepresents the normalized crack opening load after the overload event. 
Although the phenomena of the transient crack length (delayed crack propagation) 
affected by the overload event are similar to the experimental observations as 
exemplified in Figs. 6.58 to 6.60 and later decaying to the same steady-state values, 
the normalized crack opening loads after overloading from FE results are about twice 






















Fig. 6.55: Normalized crack opening loads for 1T CG(T) specimen 
 









































Normalized crack length, cα  
Fig. 6.57: Normalized crack opening loads for 0.5T C(T) specimen 
 









































Normalized crack length, cα  
Fig. 6.59: Normalized crack opening loads for 0.125T C(T) specimen 
 












































Fig. 6.61: Normalized crack opening loads for 0.5T M(T) specimen 
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6.4.2.2 Comparisons of fatigue crack growth curves 
 Table 6.2 shows the strong dependency of Paris constants on different in-plane 
and out-of-plane constraints. The constant c is the greatest whereas the constant m is 
the least for the highest constraint 1T CG(T) specimen. In contrast, the constant c is 
the smallest whereas the constant m is the largest for the lowest constraint 0.5T M(T) 
specimen. Therefore, determination of the fatigue crack growth rate of fatigue 
specimens using the modified Paris law should use the generalized Paris constants 
obtained from the highest constraint condition (which might higher than the constraint 
level of 1T CG(T) specimen). The effects of specimen and thickness are taken into 
account in the crack opening load term only, which obtained from either experimental 
measurements or finite element analyses. The modified Paris law reads as,  






= − ,     (6.7) 
where 0c  and 0m  are the Paris constants obtained from the fatigue test with the 
highest constraint. Since the specimen with the highest constraint may not valid in 
reality due to the infinite in-plane constraint and thickness, the constants 0c  and 0m  
are obtained from the various specimens with different thicknesses (see Table 6.2). 
Cortie and Garrett (1988) examine the Paris constants c and m of metal alloys 
acquired from various researchers extensively. They propose the semi-logarithmic 
empirical relationship between these Paris constants as, 
  ( ) 0 1ln c a m a= + ,      (6.8) 
where a0 and a1 are constants determined from regression analysis. Figures 6.62 
display the correlation and correlation coefficients of Paris constants c and m. The 
constants 0c  and 0m  are estimated from the highest constraints specimen 1T CG(T) 
specimen by equating the fatigue crack growth rates as,  
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  ( ) ( ) ( ) 100 max min ( ) 1 max , ( ) 1 C T TGG G
mm
C T T op C T Tc K K c K K− = − . (6.9) 
 Solving Eq. (6.9) with the experimental normalized crack opening load at 2% 
compliance offset of 0.1130 for 1T CG(T) specimen at maxK = 56.13 MPa m  and 
minK = 5.613 MPa m , the highest-constraint Paris constants are 
11
0 27.5676 10c
−= ×  
and 0 2.0586m = . These constants are substituted into Eq. (6.7) with different fatigue 
crack opening loads obtained from the experiment and finite element analyses 
(section 6.4.2.1). The fatigue crack growth curves from the fatigue crack length 
10.0 20.0a = −  mm for Set 2 specimens are compared with the experimentally 
measured fatigue crack lengths, as depicted in Figs. 6.63-6.69. The numbers of cycles 
over the fatigue crack length of 10.0 20.0a = −  mm and the corresponding normalized 
crack opening loads for all specimens are tabulated in Table 6.9. 
 The results from all C(T) specimens show that the numbers of cycles from the 
tests, and those computed by the crack opening levels using 1%, 2%, and 4% 
compliance offset agree very well. The numbers of cycles predicted by the values of 
maxopK K obtained from FEA of PIFCC for 1T CG(T), 1T C(T), and 0.5T C(T) 
specimens differ from the test results by only, 12.73%, 11.23%, and 15.68%, 
respectively. However, the numbers of cycles calculated by using the maxopK K  
obtained form the FEA of PIFCC overestimate the test results by 40.04%, 55.22%. The 
numbers of cycles counted from the tests for 0.88T M(T) and 0.5T M(T) specimens differ 
from the FE predictions by 5.42% and 8.23%, respectively. However, the test results for 
M(T) specimens deviate from the computed fatigue crack growth using crack opening 
loads from the compliance offset method. Although the crack closure levels from both 
methods agree well as shown in Figs. 6.60 and 6.61, imprecise input of crack opening 
loads in the Paris equation leads to significant difference in the fatigue crack growths.   



























































Fig. 6.63: Fatigue crack growth curves for 1T CG(T) specimen 
 
































































Fig. 6.65: Fatigue crack growth curves for 0.5T C(T) specimen 
 
































































Fig. 6.67: Fatigue crack growth curves for 0.125T C(T) specimen 
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6.4.3 Discussion on possible factors affecting the results 
The inconsistency between the finite element solutions and experimental results 
has been reported earlier in Skinner (2001). In his thesis, the fatigue crack closure levels 
of surface crack embedded in aluminum alloy plate obtained from the FEA of PIFCC 
are higher than the experimental measurements by 50%. The discrepancy between the 
FE and test results is larger at the higher crack aspect ratio, 2a c . In addition, the finite 
element results reveal that the fatigue crack closure level decreases slightly for the deep 
fatigue crack that is opposite to the trends observed experimentally. Since the mismatch 
between the experiment and FE predictions is also observed in this thesis, this section 
attempts to identify the possible factors affecting the accuracy of the crack closure 
levels obtained from both the experiment and FE simulations.  
6.4.3.1 Factors affecting the experimental results 
The fatigue specimens used in this study are fabricated from the joint 
specimen experiencing the ultimate load, J1-1F. Cutting of the coupon and fatigue 
specimens are done near the middle fiber of the chord, where the minimal stress from 
in-plane bending is expected. However, the different levels of residual stress still exist 
from the previous fabrication and loading processes including hot rolling, cold bending, 
fatigue testing, and ultimate strength testing. These random factors affect the plasticity-
induced fatigue crack closure results significantly as exemplified in 0.5T C(T) Set 2 test. 
Pippan et al. (1999) postulate that the sensitivity of the COD gauge measured at the 
crack mouth of the specimen may not be sensitive enough to capture the small change 
of displacement when the fatigue crack opens (sensitivity of MTS COD gauge used in 
this study is 0.1 µm). Along with the segmental compliance offset method, the 
computed crack opening force might be lower than the actual value.  
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6.4.3.2 Factors affecting FE results 
Though finite element analysis of plasticity-induced fatigue crack closure is 
still the major tool used to study and predict the fatigue crack closure behavior in real 
specimens, adopted assumptions vary greatly among various researchers. These 
include the crack front element discretization, crack propagation scheme, material 
models, and the definitions of crack opening and crack closure loads. Firstly, the 
crack front element needs to be sufficiently refined to capture the stress and strain 
gradients observed near the crack tip. If the element size is too large compared to the 
forward plastic zone size, the reversed plasticity is absence and the plasticity-induced 
fatigue crack closure cannot be simulated. However, if the element is sufficiently 
small to capture the actual fatigue crack propagation rate, the tremendous demand on 
the computational time and resources during the elastic-plastic finite element analysis 
cause the FE simulations to be impractical, especially for 3-D analyses. In addition, 
the normalized crack opening load defining at the instant when the fatigue crack 
propagates through its initial forward plastic zone size may not be achieved. Jiang et 
al. (2005) use the smallest element size of 1 µm and kinematic hardening material 
model to conduct the FEA of PIFCC in plane-stress M(T) specimen. Although the 
numerical fatigue crack growth rate in their study is only 10 times faster than the 
actual fatigue crack growth rate, they prove that there is no significant change in the 
predicted normalized crack opening load compared to that of the relatively larger 
element size. 
The second factor affecting the crack closure results is the crack propagation 
scheme. In FE simulation, the fatigue crack is simulated by releasing the boundary 
conditions along the symmetric plane (crack face). This can be done either at the 
maximum load or the minimum load. Releasing the boundary condition at the 
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maximum load induced the severely reacted residual force, causing the convergence 
problem. Adjustment of the Newton-Raphson convergence criterion reduces the 
robustness of the FE simulation. This high reaction force affects the plasticity-induced 
fatigue crack closure behavior. Releasing the boundary condition at the minimum load 
minimizes the residual force reacting on the crack tip. However, the fatigue crack 
extension at the minimum load (compressive stress at the crack tip) is unrealistic. In 
fact, both element debonding schemes do not replicate the actual fatigue crack 
extension mechanism since this process occurs continuously throughout the entire 
cycle (cyclic slipping and coalescence of microvoids). Gradual debonding of the 
element is beyond the scope of the node-release technique. 
 Different material models are frequently used in past researches such as 
elastic-perfectly-plastic adopted by Newman (1974), bilinear isotropic hardening used 
by McClung and Sehitoglu (1989), or power-law hardening used by Fleck et al. 
(1985). These non-hardening and isotropic hardening materials are assumed without 
the correct compressive yield process as that in the kinematic hardening model. 
However, the results in section 6.4.2 show that using the precise nonlinear kinematic 
hardening material description is still not able to predict the experimental results 
accurately. 
 The crack opening load and the crack closure load can be defined in terms of 
the nodal displacements starting or losing contact or the stress reversal at the 
node/integration point near the crack tip. The stress reversal criterion is usually 
ignored in recent researches since it depends strongly on the material model, element 
type, and integration scheme. In addition, the compressive stress at the integration 
point does not guarantee that the crack flank starts to contact (crack closure). The 
commonly adopted node-based approach has two choices of reference node, the first 
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node behind the current crack tip [pioneered by Elber (1970)], and the second node 
behind the current crack tip [e.g., Pommier (2002), Roychowdhury and Dodds (2003)]. 
Using the result of the second node behind the current crack tip is less mesh-
dependent than that of the first node since this location is sufficiently far from the 
singularity region of the crack tip. However, lower normalized crack opening load is 
obtained. 
6.4.4 Effect of nodal distance on normalized crack opening load 
 Since the distance behind and farther from the current crack tip is less 
sensitive to the plastic deformation at the crack tip, the less amount of plasticity-
induced fatigue crack closure level is expected. The effect of nodal distance on the 
normalized crack opening loads is studied using the corner node of the 4th element 
behind the current crack tip as shown in Fig. 6.70, along with the normalized crack 
opening loads using the corner node of the 2nd element behind the current crack tip.  
In addition, the crack closure load is evaluated. The normalized crack closure load is 
defined as the load when the reference node becomes in contact with the symmetric 
plane (vertical displacement less than 1 nm), as displayed in Fig. 6.71. The crack 
closure load is still used by some researchers since they define the modified Paris law 
differently using the crack closure stress intensity factor, clK , as, 






= − ,     (6.9) 
instead of the crack opening stress intensity factor. The through-thickness average 
normalized crack opening and closure loads of the 0.125T C(T) (Set 2) specimens at 
two different reference nodes, the corner node of the 2nd element and the 4th element 
behind the current crack tip, are compared in Figs. 6.72 and 6.73, respectively. The 
normalized crack closure loads from both figures are significantly less than the 
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normalized crack opening loads. At 0.4cα = , the normalized crack closure load using 
the corner node of the 2nd element behind the current crack tip ( 2 maxclK K ) and the 
normalized crack opening load using the corner node of the 4th element behind the 
current crack tip ( 4 maxopK K ) are closer to the experimental crack opening load 
compared to the normalized crack opening load using the corner node of the 2nd 
element behind the current crack tip ( 2 maxopK K ). However, the increase in the 
normalized crack opening load after the overload event still cannot be simulated 
correctly using either 2 maxclK K or 4 maxopK K . The experimental fatigue crack 
growth rate may not be determined by the contact of the crack flank behind the crack 
tip and the symmetric plane in FE model. In fact, the local stress intensity at the crack 
tip would be the actual fatigue crack driving force. The suitable fatigue crack opening 
criteria in FE simulation using the node-release technique needs to be developed to 
predict the experimental crack opening loads correctly.  
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Fig. 6.70: Crack opening load of the corner node at the 4th element 
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Normalized crack length, cα  
Fig. 6.72: Normalized crack opening and closure loads using the 2nd element 
 























Fig. 6.73: Normalized crack opening and closure loads using the 4th element 
 
6.5 SUMMARY 
 The experimental results in this chapter show the evidences of plasticity-
induced fatigue crack closure in different in-plane constraint (specimen type) and out-
of-plane constraint (thicknesses and side grooving). The highest constraint specimen, 
1T CG(T), has the lowest crack closure level and thus the fastest fatigue crack growth 
rate is observed at the controlled stress intensity factor range. In contrast, the lowest 
constraint specimen in this study, 0.5T M(T), has the highest crack opening load and 
the fatigue crack grows slowest compared to those of the other specimens. For the 
same specimen with different thicknesses, the thinner specimen has the higher crack 
closure level and the lower fatigue crack growth rate than the thicker specimen.  The 
experimental results support the prediction by FEA of PIFCC presented in chapter 5. 
In addition, the side-grooved 1T C(T) specimen should be used as a benchmark 
specimen for design purposes since the fatigue crack growth rate is the fastest, 
ensuring that the fatigue design or assessment is conservative.  
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The FEA of PIFCC using the corner node of the second element behind the 
current crack tip cannot predict the experimental crack closure level accurately, 
although the precise material plasticity behavior is used. Using the corner node of the 
fourth element behind the current crack tip gives the crack closure results closer to the 
experimental results for the thin specimens. However, using this reference node still 
overestimates the crack closure level in the post-overload regime. The cause of 
discrepancy is potentially due to 1) the contact of the crack flank to the symmetric 
plane does not necessary mean that the fatigue crack does not propagate, and 2) the 
incorrect assumption in the numerical model that the fatigue crack growth rate before 
and after the overload event are equal. Even though the FEA of PIFCC cannot predict 
the experimental crack opening loads accurately, this method is still useful for 
parametric study of the fatigue crack closure behavior under different variables such 
as specimen geometry, thickness, side-grooving, material models, load ratio, delayed 
crack propagation after overload, and etc. Discrepancies between the predictions by 
FEA of PIFCC and the experimental results are currently the state-of-the-art research 
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CHAPTER SEVEN 
CHAPTER 7: PLASTICITY-INDUCED FATIGUE CRACK 
CLOSURE IN ENHANCED PARTIAL JOINT 






 Numerous researchers investigate the plasticity-induced fatigue crack closure 
effect in small-scale fatigue specimens, both numerically and experimentally. The 
results in Chapter 6 verify that this phenomenon exists in various types of fatigue 
specimens, depending on the geometry and loading conditions. However, the 
knowledge of the fatigue crack closure level in the full-scale structures is currently 
limited and has not been reported. A plane-strain condition is usually assumed in the 
fatigue life approximation in tubular structures even at the deepest crack location, e.g., 
Bowness and Lee (1995), HSE (2000). Since the plane-strain condition prevails, the 
PIFCC phenomenon in surface-breaking crack in tubular connections is always 
ignored during the design stage or the fatigue failure assessment. This chapter 
explores this PIFCC level in full-scale fatigue test of PJP+ welded tubular joint 
specimens in Chapter 4. The FEA of PIFCC is used to depict the evolution of fatigue 
crack closure levels under a constant-amplitude loading and just after overloading.  
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7.2 FE MODELING OF CRACKED TUBULAR JOINTS 
The finite element model for fatigue-cracked tubular joint employs the similar 
mesh as shown in Chapter 3, with 4 elements in the thickness direction. Full FE 
model is adopted in this chapter. Some elements along the brace-to-chord intersection 
where the fatigue crack is observed are removed for remeshing. The geometry of 
these elements (in curved-surface cuboid) is imported into the commercial software, 
FEACrack [Quest Reliability (2011)], to generate the crack-front mesh. The fixed 
probe ACPD data (from Chapter 4) enable us to define the crack-front mesh 
accurately. This study applies the piecewise cubic Hermite spline method invented by 
Fritsch and Carlson (1980) to smoothen the discrete fatigue crack depth data. The 
cubic spline in the Hermite form (two control points and two control tangents) ensures 
that the data is visually pleasing. Figure 7.1 exemplifies the smoothened fatigue crack 
front of J1-2. The fatigue crack depth at CL242 is 11.0 mm at 332,000 cycles.  
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Fig. 7.1: Smoothened fatigue crack front and as-recorded ACPD data 
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(a) FE full model
(b) Typical deformed shape
(c) Rear side
(d) Tied crack mesh(e) Crack mouth opening shape
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Fig. 7.3: Stress components in thick-wall structural sections 
 
BL135


















Fig. 7.5: Stress components on fatigue-cracked section 
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The refined crack-front elements generated by FEACrack are subsequently 
connected to the global tubular joint FE model by a mesh-tying procedure. The mesh-
tying procedure ensures the displacement compatibility between the master and slave 
surfaces via the surface-based constraint. Qian et al. (2005a and 2005b) verify the 
accuracy of mesh-tying procedure for both the linear-elastic and the elastic-plastic 
analysis with large-deformation formulation. Figure 7.2 exemplifies the full FE model 
with fatigue crack at the chord toe.  
The stress along the brace-to-chord intersection (thick-wall section as shown 
in Fig. 7.3) can be resolved into two main components, membrane and bending 
stresses, which are expressed as, 





σ σ= ∫ ,      (7.1) 









σ σ σ  = − − 
 ∫
,   (7.2) 
where  z is the coordinate in the thickness direction. Figure 7.4 shows that the 
presence of a fatigue crack redistributes the stress along the brace-to-chord 
intersection. Therefore, the membrane and bending stresses should be determined 
from the full FE model with the experimentally measured crack front profile. These 
membrane and bending stresses are subsequently used in the plane-strain section 
model for plasticity-induced fatigue crack closure analysis. The plane-strain section 
model has a similar in-plane geometry extracted from the full FE model at the deepest 
crack location (see Fig. 7.5). Figure 7.6 displays the applied loads (on the brace and 
chord) and boundary conditions on the section model J1-2 (CL242 crack). The 
membrane stress is exerted via the constant traction whereas the bending load is 
applied through the force couple as shown in Fig. 7.7. The stiff elastic material 
properties with E = 203000 GPa and ν = 0.3 are used to mitigate the effect of 
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concentrated loads near the loading points and boundary conditions. The material 
properties for the rest of the elements follow the nonlinear kinematic hardening model 
obtained from the cyclic stress-strain test as described earlier in section 6.4.1.   
σmem+ σbend
Crack closure mesh



















Fig. 7.7: Applied moment via force couple 
 
The smallest element size, ∆a, for the node release technique follows the 
criterion elaborated in Chapter 5, i.e., the plane-stress forward plastic zone contains 
more than 10 elements. Similar to the node release technique, the initially bonded 
elements on both sides of the crack along the crack line are debonded at the minimum 
load (Fig. 7.6). The normalized crack opening loads are determined when the crack 
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opening displacement of the corner node at the 2nd element behind the current crack tip 
loses contact with the opposite crack face. Similar to the tolerance value in Chapter 5, 
the normalized crack opening load is defined when the crack opening displacement at 
this node is greater than 2 nm. Due to complicated contact surfaces involved during 
the fatigue crack propagation simulation using the small element size, there is no 
attempt to determine the normalized crack opening load from the shallow crack to the 
deep crack. Instead, certain crack depth interval is chosen to conduct the FEA of 
PIFCC. The aim of this chapter is to verify the plasticity-induced fatigue crack closure 
during constant-amplitude loading and just after the overload event.  
7.3 CRACK CLOSURE IN PJP+ WELDED TUBULAR JOINTS 
 The proposed simplified plane-strain section model to study the plasticity-
induced fatigue crack closure in full-scale structures is verified by comparing the 
fatigue crack driving force to that of the full-scale FE model. The fatigue crack on the 
J1-2 joint at CL242 is used for the verification study. At 332,000 cycles, the deepest 
crack depth at CL242 is a = 11.0 mm. The crack propagates towards the weld by 20o 
measured from the normal line of the chord surface. For J1-2, the load of 180 kN is 
applied and the stress intensity factors at different fatigue crack depths for this 
location are computed as shown in Fig. 7.8. At a = 11.0 mm, the maximum stress 
intensity factor is 18.81 MPa m .  
The membrane and bending stresses are extracted from the full-scale FE 
model with the fatigue crack front as shown in Fig. 7.1 (a = 11.0 mm). The membrane 
and bending stresses on the brace of 44.01 MPa and 87.75 MPa, and those on the 
chord of 12.36 MPa and 50.80 MPa, are subsequently applied to the plane-strain 
section model as shown in Fig. 7.6. Since the maximum stress intensity factor equals 
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18.81 MPa m , the smallest element size of 50 µm for crack closure analysis is used. 
The section model has 22,760 nodes and 5,750 second-order quadrilateral elements. 
The FE model is previously shown in Fig. 7.6. Figure 7.9 illustrates the stress contour 
and plastic zone shape after loading. The maximum stress intensity factor extracted 
from this simplified model is 17.20 MPa m , which is close to the value of 18.81 
MPa m  obtained from the full FE model. This indicates that the plane-strain section 






























Fig. 7.8: Stress intensity factors at different crack depths for J1-2-CL242 
Adapted from raw data of Qian et al. (2011) 
 
The finite element analysis of plasticity-induced fatigue crack closure is 
conducted on the plane-strain section model, J1-2-CL242. The analysis starts from the 
initial crack depth of 10.0 mm. When the crack propagates to the depth of 11.0 mm, a 
single overload is applied with the overload ratio, Rol = 1.5. This resembles the full-
scale fatigue test at 332,000 cycles. The analysis continues until the fatigue crack 
depth reaches 12.0 mm. The normalized crack opening loads are postprocessed and 
shown in Fig. 7.10.   
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Fig. 7.10: Kop/Kmax of section model J1-2-CL242 (a = 10.0 – 12.0 mm) 
 
Figure 7.10 shows that the normalized crack opening load decays from the 
normalized crack opening loads of 0.17 until reaching the steady-state value of 0.11-
0.12. Fleck (1986) refers this initially high normalized crack opening load under the 
plane-strain condition as the discontinuous crack closure, and might not be the actual 
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crack closure level under the plane-strain condition. This high value decays quickly 
and the steady-state normalized crack opening load is obtained. The steady-state 
normalized crack opening load of 0.11-0.12 close to the applied load ratio R = 0.11 
indicating that the plasticity-induced fatigue crack closure is nearly absent in the full-
scale tubular joint with a surface crack.  
The overloading event increases the normalized crack opening load 
significantly after overloading. Chapter 6 shows that although the transient 
normalized crack opening load cannot be correctly simulated, the delayed crack 
propagation corresponds to the experimental observations. The delayed crack 
propagation from Fig. 7.10 is approximately 0.50 mm, which is close to the 
experimentally measured delayed crack propagation from a = 11.0-12.0 mm as 




































Fig. 7.11: Fatigue crack growth retardation of J1-2-CL242 
Adapted from raw data of Qian et al. (2011) 
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7.4 SUMMARY 
 This chapter describes briefly the plasticity-induced fatigue crack closure 
behavior in the full-scale tubular joint J1-2 under constant-amplitude loading and 
overloading. The plane-strain section FE model of the joint is generated with the in-
plane geometry and loading similar to those of the full-scale FE model with a surface 
fatigue crack. The node-release technique is used in the numerical analysis to 
propagate the fatigue crack and the crack opening loads are postprocessed. The 
overload event is applied to the plane-strain section model at the crack depth similar 
to the full-scale fatigue test in Chapter 4. The results show that the crack closure level 
in a tubular joint under constant-amplitude loading is negligible since the normalized 
crack opening loads are close to the applied load ratio. Overload ratio of 1.5 applied 
on the section FE model illustrate that the plasticity-induced fatigue crack closure 
level increases temporary and resume quickly to the steady-state value. The delayed 
crack propagation from FE solution is close to the value observed in the full-scale 
fatigue test.  
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CHAPTER EIGHT 
CHAPTER 8: CONCLUSIONS AND  






8.1 SUMMARY AND CONCLUSIONS 
8.1.1 Summary 
 This thesis focuses on the fatigue and plasticity-induced fatigue crack closure 
(PIFCC) behavior of structural steels used in offshore applications. Fatigue testings 
are conducted on many types of specimens, ranging from the full-scale CHS X-joints to 
the small-scale C(T) and M(T) specimens. The fatigue testings of tubular X-joints under 
constant-amplitude in-plane bending represent the full-scale specimens. The stress 
concentration profiles are computed from the finite element analysis and compared 
with the experimental results. The fatigue performance of tubular connections with 
enhanced partial joint penetration welds proposed by Qian et al. (2009) is extensively 
studied with different loading ranges, post-weld surface treatments. The fatigue crack 
at the weld root, which is a debatable topic for PJP and PJP+ welds, is triggered to 
study via the smoothened weld surface from disc and burr grinding. In addition, the 
overload is applied on the joint specimen to study the plasticity-induced fatigue crack 
closure in full-scale fatigue-cracked tubular connections.   
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The plasticity-induced fatigue crack closure for structural steels in offshore 
applications is verified by using the similar materials to the tubular joints. Small-scale 
fatigue specimens are fabricated with different geometries [compact tension C(T), 
side-grooved compact tension, CG(T), and middle tension M(T) specimens] and 
thicknesses [1T, 0.5T, 0.25T, and 0.125T for C(T), 1T for CG(T), and 0.88T and 0.5T 
for M(T) specimens]. The trend of the experimental fatigue crack closure levels are 
compared with the finite element analysis of plasticity-induced fatigue crack closure. 
This FEA of PIFCC technique is extended to study the fatigue crack closure levels 
under constant-amplitude loading and just after overloading in full-scale tubular 
structures via a simplified plane-strain section model. The fatigue crack closure levels 
obtained from the simplified section model are compared with the experimental results.   
8.1.2 Main findings and conclusions 
Through a series of finite element and experimental studies of the full-scale 
and small-scale fatigue specimens, the research findings reported in this thesis support 
the following conclusions: 
• The fatigue test of full-scale CHS X-joints reveal that the location of 
fatigue crack initiation does not correspond to the location of the 
maximum hot-spot location computed from the FE analyses or 
measured by the experimental procedure. The random metallurgical 
variables near the weld toe, hot-spot stress, the thickness effect, and the 
residual stress effect play an important role in shifting the fatigue crack 
initiation location.  
• The fatigue cracks in X-joint specimens often initiate at multiple 
locations along the brace-to-chord intersection. As the number of 
cycles increase, these cracks coalesce into a large crack. 
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• The fatigue performance of tubular joints connected by the enhanced 
partial joint penetration (PJP+) welds is satisfactory in comparison 
with the estimated number of cycles by API RP 2A (2002) and DNV-
RP-C203 (2010) developed for the complete joint penetration (CJP) 
welds using the hot-spot stress approach.  
• The fatigue life of PJP+ welded tubular joints are in between the 
predicted fatigue life by IIW (2007) nominal stress approach for 
complete joint penetration and partial joint penetration welds.  
• The notch stress approach estimates the number of cycles closer to the 
experimental results. However, this method is not suitable for design 
purposes since the estimated fatigue life may not be conservative.  
• Compressive yielding of the material near the weld toe affects the 
fatigue crack initiation life significantly (in flipped configuration). This 
effect is absent if the notch stress is lower than the yield strength. 
There is no effect of the notch tensile residual stress on the entire 
fatigue crack propagation life.  
• Post-weld surface grinding (disc ground) on weld surface enhances the 
fatigue life by more than two times compared to that of the as-welded 
joint. Since the stress near the weld is reduced, the fatigue crack may 
not follow the weld line.    
• Disc grinding along with the weld toe grinding on weld surface 
increase the fatigue life significantly, by more than three times 
compared to that of the as-welded joint. However, the fatigue crack at 
the weld root of the PJP+ welds might develop at a large number of 
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cycles, significantly exceeding the number of cycles to initiate the 
weld toe crack in an untreated weld surface. 
• This study shows that the fatigue crack at the root of the PJP+ welds is 
predictable by using the extrapolation method, similar to that used to 
estimate the weld-toe SCF values.   
• The finite element analysis of the plasticity-induced fatigue crack 
closure is a reliable method to predict the general trend of crack 
closure levels with different geometries. The trend from FE simulation 
is verified by the fatigue test results of small-scale fatigue specimens.  
• Although using the same material, this study shows that the fatigue 
crack growth rate of small-scale fatigue specimens depends strongly on 
the specimen type and the thickness. The fatigue crack growth rate of 
the 0.5T M(T) specimen is approximately half of that for the side-
grooved C(T) specimen. 
• The thinner specimen has the slower fatigue crack growth rate than that 
of the thicker specimens for both C(T) and M(T) specimens. The thinnest 
C(T) specimen in this study, 0.125T C(T), still has the fatigue crack 
growth rate faster than that of the thickest M(T) specimen, 0.88T M(T). 
• The stress triaxiality near the crack tip on the crack plane reveals that the 
different fatigue crack growth rates of fatigue specimens with different 
thicknesses and geometries are from different constraint levels.  
• The effect of the overload on the fatigue crack growth retardation of 
fatigue specimens remains transient and diminishes quickly.  
• Using the precise material properties in the finite element analysis of 
plasticity-induced fatigue crack closure with the currently adopted 
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reference node does not guarantee that the computed fatigue crack 
closure level is close to the experimental results, especially for thin 
specimens just after overloading. Using the corner node of the fourth 
element behind the current crack tip gives the results closer to the 
experimental measurement for the steady-state crack growth. 
• The FEA of PIFCC shows that the fatigue crack closure phenomenon 
is negligible for full-scale tubular joints with surface crack under 
constant-amplitude loading as the computed normalized crack opening 
load is close to the applied load ratio.  
• The overloading of 1.5 times applied on the specimen in this study 
increase the fatigue life marginally. The fatigue crack growth rate just 
after overload reduces. The overload event affects the fatigue crack 
growth rate within the crack propagation length 1.0 mm just after 
overload.  
 
8.2 FUTURE INVESTIGATIONS  
8.2.1 Numerical investigations 
8.2.1.1 Fatigue cracking mechanism in PJP+ welds  
The hot-spot stress method has widely adopted for several decades to estimate 
the fatigue life. However, the fatigue test on enhanced partial joint penetration (PJP+) 
tubular joints show that the first fatigue crack does not nucleate at the hot-spot 
location. Although finite element results and experimentally measured SCF agree 
very well that the maximum SCF location is on the brace toe, all of the first fatigue 
cracks nucleate on the chord toe. The investigation in section 4.4.1 reveals that less 
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through-thickness stress gradient in the chord, compared to the brace, leading to the 
higher probability of the stressed material volume to experience metallurgical 
variables. However, the through-thickness stress gradient is qualitative and not be 
applicable to weld root failure for PJP+ welded tubular joints. The incorrect 
prediction is more severe if the stress around the weld root is more critical than that of 
the weld toe. Deep internal root crack reduces the section capacity drastically, 
especially in the extreme environment. Therefore, the reliable method to locate the 
correct fatigue crack initiation site is needed. The parameters from the welding 
process, surface roughness, and material variability should be taken into account. 
8.2.1.2 FE predictions of the experimental fatigue crack closure 
 Section 6.4.2 shows that the FEA of PIFCC is still not able to predict the 
experimental fatigue crack closure level accurately due to variable factors during 
fatigue testing and the assumed parameters during FE simulations. The lack of 
experimental evidences and comparisons in most of FEA of PIFCC researches 
reduces the confidence of engineers to use the FEA as the fatigue crack closure 
prediction tool. The definitions of crack opening load and closure load vary among 
different experiences of researchers. Monitoring the stress reversal or nodal 
displacement does not ensure that the fatigue crack opening or closing since they do 
not imply the actual stress intensity factor at the crack tip. As shown in Section 6.4.4, 
using the reference node farther from the crack tip reduces the normalized crack 
opening load and the value is closer to the experimental results. However, transient 
behaviour just after the overload event is still not well captured. The suitable fatigue 
crack opening criteria in FE simulation needs to be developed in order to fully predict 
the experimental crack closure level in either steady-state or transient regions.  
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8.2.2 Experimental program 
8.2.2.1 Fatigue strength of partial concrete-filled PJP+ tubular joints 
 Structural connections are usually designed with the branch member (brace) 
weaker than the main member (chord). However, the equal thicknesses are sometimes 
unavoidable in offshore steel jacket structures, introducing very high stress 
concentration factor (SCF). Concrete infill is the promising method to strengthen the 
hollow structural sections in offshore applications. The maximum SCF in the main 
member with the concrete-filled sections is much reduced, causing the relocation of 
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Fig. 8.1: Partially grouted tubular X-joint J2 
 
 
However, the amount of fatigue life extension using concrete grouting is still 
the state-of-the-art research and not yet recommended in all design guidelines. The 
investigation of fatigue life improvement using concrete grouting is included in this 
PJP+ project (see the proposed grouted specimen J2 in Fig. 8.1). The goals of the 
second phase of the project are to 1) promote the use of PJP+ welds for secondary 
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offshore structures, 2) investigate the fatigue life improvement of the partial concrete-
filled joints, 3) develop the fatigue life prediction model of grouted tubular joint based 
on bending theory, and 4) propose the numerical model to approximate the residual 
fatigue life and ultimate strength with different crack depths to facilitate design 
engineers without deep understanding of fracture mechanics. 
8.2.2.2 Fatigue-induced lamellar tearing failure 
Lamellar tearing is the classical material problem before 1970. The splitting of 
material along the rolling direction is possible if the through-thickness ductility is poor. 
Technological advancement in material science and fabrication process reduce the 
probability of this failure significantly. However, cold bending (to form the circular 
hollow sections) of thick plates is sometimes unavoidable, bringing the lamellar 
tearing problem revisited in J1X-1F specimen during the ultimate strength test. Some 
band-saw sections along the brace-to-chord intersection reveal that the fatigue crack 
tip coincides with the lamellar tearing crack tip. The transverse strain (from fatigue 
crack) and shrinkage strain (from welding) trigger the lamellar tearing failure easily. 
 Although the probability of occurrence is low, this problem exists such as the 
catastrophically collapse of Alexander L. Kielland platform in 1980. Therefore, more 
understanding in the interaction between the fatigue crack and induced lamellar 
tearing failure is required. The section PJP+ welded joints will be fabricated from the 
material where the lamellar tearing in J1X-1F is observed. The cyclic load is applied 
until the fatigue crack nucleate in the chord. After that, the specimen is loaded to 
failure and the possible lamellar tearing phenomenon is investigated. The failure on 
several fatigue crack depths and loading conditions will be studied. The goal of this 
project is to recommend the design criteria to prevent fatigue-induced lamellar tearing, 
e.g., stress criterion, crack depth criterion, or deformation limit criterion.  
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8.2.2.3 Fatigue and fracture behaviors at low temperature 
 Drilling platforms in the Arctic or North Sea regions are usually designed with 
structural steel frames fixing to the seabed for strength and stability. However, 
extreme environmental loads cause severe structural vibrations, resulting in fatigue 
cracks at connections. The knowledge of fatigue mechanism at low temperature is 
currently limited. Since structural steels exhibit the brittle behavior at low temperature, 
the fatigue crack growth rate is presumed faster at lower temperature than that of the 
ambient temperature as evidenced earlier by Liu and Duan (1996). The experimental 
program will be conducted to verify this hypothesis, and stating the need of fatigue 
crack growth rate data at low temperature for design purposes. 
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APPENDIX A: 
STRESS AND DISPLACEMENT NEAR THE CRACK  
 
The following equations refer to the notations in Fig. 2.4, 
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 Mode II: In-plane shear 
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  for the plane-stress condition,  (A.8a) 
 3 4κ ν= −   for the plane-strain condition.  (A.8b) 
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APPENDIX B: 
LOCAL DIHEDRAL ANGLES FOR J1  
 
 The local dihedral angle along the brace-to-chord intersection for tubular 
structures can be obtained easily from the charts in Annex G of the AWS D1.1 (2008). 
However, if the geometry is complicated or the desired diameter ratio (β) is 
unavailable, calculating the local dihedral angle can be done analytically. Firstly, the 
surface equations of the brace and chord are written in the Euclidean 3ℝ  space. Next, 
the normal vector of each surface is defined as the gradient (∇ ) of that particular 
surface equation. The local dihedral angles can be obtained through solving the dot or 
cross products of the brace and chord gradients, at different brace angles.  
For tubular joint specimen J1, the brace radius of 203.2 mm and the chord 
radius of 375.0 mm are used to form the surface equations. The computed dihedral 
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Fig. B.1: Relationship of local dihedral angle and brace angle
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APPENDIX C: 
TRUE STESS-STRAIN CALCULATIONS  
 
 The following symbols are applicable for true stress-strain calculations only 
  oA   original cross-sectional area 
  fA   cross-sectional area at failure 
  neckA   cross-sectional area at necking 
  *A   cross-sectional area after necking 
  oL   original gauge length 
  fL   gauge length at failure 
  neckL   gauge length at necking 
  *L   gauge length after necking 
  P   applied load 
UTS   ultimate tensile strength (maximum nominal stress) 
nσ   nominal stress 
tσ   true stress 
fε   true fracture strain 
nε   nominal strain 
,n neckε   nominal strain at necking 
tε   true strain 
%EL   percent of elongation 
%RA   percent of reduction in area 
                                                                                         True stress-strain calculations 
 286 













= ,       (C.2) 
where L∆  is the change in gauge length, measured from the extensometer. For ductile 
material, before the specimen undergoes necking, the true stress and true strain 
(logarithmic strain) are expressed in terms of the nominal strain as, 
  ( )1t n nσ σ ε= + ,      (C.3) 
( )ln 1t nε ε= + .      (C.4) 
 As the load increases continually, the engineering stress reaches the maximum 
value called the ultimate tensile strength (UTS). If the stress level is slightly beyond 
the ultimate tensile strength, the onset of necking occurs and there is no change in the 
material volume,  
* *
0 0L A L A= .       (C.5) 








ε = = .      (C.6) 










.      (C.7) 
 The current cross-sectional area (at neck) beyond necking assumes that its 
square root is proportional to the nominal strain, which is, 
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.      (C.10) 
 The comparisons of engineering stress-strain and true stress-strain curves are 
shown in Fig. C.3. In this thesis, only the true stress and true strain are used since they 
represent the current state of strain and stress of material, and the subscript t is 
omitted. The material ductility parameters including true fracture strain, percent of 
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Fig. C.1: Comparison of engineering and true stress-strain curves 
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APPENDIX D: 
LIST OF DRAWINGS 
 
 The C(T) and M(T) specimens in this thesis are designed and fabricated 
according to the recommendations given in ASTM E 647 (2011). The knife-edge 
design at the crack mouth of the C(T) specimens facilitates the clipping of the MTS 
COD gauge model 632.05. For M(T) specimens, the hydraulic flat grips (0-23 mm) 
are used to distribute the applied force evenly. The drawings in the follow pages 
include: 
• Fig. D.1: 1T C(T) specimen 
• Fig. D.2: 0.5T C(T) specimen 
• Fig. D.3: 0.25T C(T) specimen 
• Fig. D.4: 0.125T C (T) specimen 
• Fig. D.5: 1T CG(T) specimen 
• Fig. D.6: 0.88T M(T) specimen 
• Fig. D.7: 0.5T M(T) specimen 
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Fig. D.1: 1T C(T) specimen
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Fig. D.2: 0.5T C(T) specimen 
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Fig. D.3: 0.25T C(T) specimen 
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Fig. D.4: 0.125T C(T) specimen 
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Fig. D.5: 1T CG(T) specimen 
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Fig. D.6: 0.88T M(T) specimen 
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Fig. D.7: 0.5T M(T) specimen 
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APPENDIX E: 
FATIGUE CRACK GROWTH FOR M(T) SPECIMENS 
 
 To compute the crack length of M(T) specimen automatically by compliance 
method, the pin microgauge (one type of axial extensometer) is required to measure 
the crack opening displacement along the center line of the specimen. However, this 
requires drilling of two holes near the notch in the specimen and inserting the 
additional pin microgauge along the center line of the specimen. The drilled holes and 
the additional pin microgauge cause the M(T) specimens to be less favorable for 
researchers than the C(T) specimens. Vaidya et al. (2010) eliminates the difficulties of 
using this pin microgauge by using the COD gauge instead. The crack opening 
displacement at specimen surface is measured, and the maximum COD value in each 
load cycle enables them to calibrate the crack length with optical measurements 
through the fitted curve.  
In this study, the visual crack length of each M(T) specimen is recorded at 
certain cycles. The compliance at specimen surface is computed. The fatigue crack 
length in this thesis is calibrated by following the crack length computation method 
(with the use of pin microgauge) for M(T) specimens provided by the ASTM E 647 
(2011). The normalized crack length relates to the compliance as follow:  
2 3 42 1.06905 0.588106 1.01885 0.361691
a
x x x x
W
= + − + , (E.1) 
  
( )( )31 2 2.1411
cEB EB c c
x e
η η η η− + − + +
= −
ℂ ℂ
,    (E.2) 
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where the constants 1c , 2c , and 3c  depend on the loading conditions. For loading by 
clamping both ends of the specimens, 1 0.03c = − , 2 0.013c = , and 3 4.0c = . The 
variable x can be written in terms of non-dimensional compliance, EBℂ , as, 
( )EBx f e−= ℂ .      (E.3) 











= ∑ .       (E.4) 
 Expanding Eq. (E.3) by neglecting the higher-order terms leads to, 
( )x f EB= ℂ ,      (E.5) 
which is proportional to the compliance. To account for the approximations made 
from Eq. (E.2) to Eq. (E.3), the constant term is introduced. Equivalent to Eq. (E.1), 
the normalized fatigue crack length is the quartic function of the non-dimensional 
compliance as,  
         ( ) ( ) ( )2 3 40 1 2 3 4
2a
EB EB EB EB
W
α α α α α= + + + +ℂ ℂ ℂ ℂ . (E.6) 
 Since the computed normalized crack length and the optical normalized crack 
length are the function of the elapsed cycles,  
  ( ) ( )2a f EB f N
W
= =ℂ ,     (E.7) 
( )2 visuala f N
W
= .      (E.8) 
 The coefficients in Eq. (E.6) can be determined through the least-square 
technique (the least sum-square of errors compared to the visual crack measurement). 
Unlike the nonlinear regression problems that require good initial guess of parameters, 
these coefficients have the unique solutions and are computed easily through the 
linear regression (only the quartic function). Figures E.1 and E.2 demonstrate that the 
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fitted curve by this method agree well with the measured crack length from the 0.88T 
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Fig. E.2: Measured and regressed fatigue crack growth curves for 0.5T M(T) 
